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Studies on magnesium-based cement have been of interest to mitigate the increasing impact of 
climate change due to the high CO2 emissions associated with cement production industry. Although 
magnesium silicate hydrate (M-S-H) phases in concrete were discovered in the 1950s, the strengths 
of M-S-H binders as construction materials have been known only since 2006. Research on M-S-H 
binders is very limited, compared to Portland cement (PC), and mainly focused on properties of 
cement paste and mortar. The publications focused on mechanical properties and initially studied 
the reaction mechanisms of the formation of hydration products and the influence of different 
material sources.  There was a controversy on the strength capacity of M-S-H binders while very little 
research characterized long-term properties, chemical compositions of pore solutions, and 
properties of concrete with the effect of aggregates. The poor workability was also reported as a 
significant limitation of the development of M-S-H cement for environmental benefits. 
In this research, a comprehensive experimental programme was conducted to improve properties of 
M-S-H binders, derived from the characterization of the microstructures and chemical reactions of 
the binders, then followed by the optimization of the binders for strength, workability, and durability. 
Firstly, microstructures and hydration processes have been analyzed by various methods such as 
XRD, SEM/EDS, and pore solution analysis (ICP-MS). Binders included MgO and silica within the 
optimal contents from 40-60% and were cured for a long-term duration up to 365 days age. The XRD 
and SEM/EDS results confirmed the formation of the hydration products including brucite and M-S-
H phases. The brucite formed in the first stage and mainly completed after 7 days whereas M-S-H 
phases were formed slowly and still developed significantly from 28 to 90 days, which is very different 
from the hydration of PC. SEM/EDS images provided the microstructures of raw materials and 
hydration products, showing highly porous structures of M-S-H binder compared to PC. Pore solution 
analysis by ICP-MS showed important characteristics such as pHs and ion concentrations, which 
reveal the trend of forming hydration products and directly relate to the durability of M-S-H 
cementitious materials. 
Secondly, M-S-H binders were found to have adequate strength for construction materials. Optimized 
M-S-H mortar using ternary binder systems (MgO - silica fume- quartz filler) obtained high strength 
of approximately 90 MPa. The optimal binder composition for strength and working was the balance 
between maximizing hydration products and improving the microstructure homogeneity and 
packing density. In addition, among high range water reducers, the use of polymer-based super 
plasticizer Sika Viscocrete-5-555 was a key factor to reduce w/c ratio to below 0.40 to improve 
strength and workability. Quartz filler also played an important role in improving microstructure 




Thirdly, M-S-H binder concrete was produced and tested based on the optimization of M-S-H cement 
pastes and mortars in previous phases. The binder using 60% MgO-40% silica fume with 10% quartz 
filler yielded strength of over 40 MPa which could be sufficient for structural concrete materials. 
However, some unexpected results were also observed such as low tensile strength and elastic 
modulus. In addition, further studies are required regarding the long-term strength and the 
permeability of the M-S-H binder concrete. 
Another finding showed the strong influence of silica sources on the microstructure and mechanical 
properties of resulting M-S-H cementitious materials. The high-performance M-S-H binders require 
high reactivity binder constituents. The M-S-H phases readily formed with highly reactive silica such 
as silica fume, natural pozzolan, and rice husk ash. However, poor performance was observed with 
FA type F. 
The extensive experimental programmes in this research have yielded valuable results for a variety 
of related topics which are of fundamental importance for the application of M-S-H binders. The 
research findings have closed a number of current research gaps, and also give directions for future 
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1. CHAPTER 1 INTRODUCTION 
 
 RESEARCH BACKGROUND AND MOTIVATION 
Production of Portland cement and its impact to the environment  
Throughout the nearly 200 years since its inception in 1824 (Hall, 1976), Portland cement has 
brought great changes to human history in contributing to the supply of dwellings and 
infrastructure. Cement is now the most consumed construction material and the second most 
consumed substance worldwide, after water (Mariel, 2015). Reasons for the popularity in use of 
Portland cement (PC) might lie in the availability of lime and other minerals of cement production 
as well as its excellent engineering properties that are required in construction. 
The cement production mainly includes the sintering of limestone (CaCO3) with clay (SiO2, FeO, 
Al2O3) in a kiln at temperatures of about 1400-1500°C. The first stage includes decarbonation of 
the mixture to produce calcium oxide (CaO) from limestone in which large amount CO2 is released. 
As continued heating, various calcium silicates are produced in which the majority is C3S 
(3CaO.SiO2), C2S (2CaO.SiO2), C3A (3CaO.Al2O3), C4AF (4CaO.Al2O3.Fe2O3). 
The first two mineral C3S, C2S account for the largest proportion of PC, and when hydrate in water 
form solid phases, with the most important hydration product being C-S-H gel. The microstructure 
of C-S-H gel phases is stable with layers that are intrinsically strong and well connected with other 
solid phases.  
Despite the intensive use of PC in the last centuries and many benefits, there are some negative 
issues with the widespread use of cement which cannot be ignored. Global cement production was 
1.39 billion tons/year in 1995, 3.31 billion tons/year in 2010, 4.1 billion tons/year in 2017 and is 
predicted to continue to increase in the future (U.S Geological Survey, 2018) This high demand is 
associated with environmental issue in particular the high CO2 emission during PC production. 
The ratio of anthropogenic CO2 for each ton of cement product is estimated at 0.65-0.95 (Mariel, 
2015) and therefore billions of tons of total CO2 emissions generated from cement industry each 
year now account for 5-8% of total CO2 emissions in the atmosphere. This scenario calls for an 
urgent need to find more sustainable binder materials that the production will not cause such 
negative impact to the environment while retaining the well-performed engineering properties in 
construction.  




Overview of current PC replacement 
The first step in cement industry to reduce anthropogenic CO2 emission is the introduction of 
blended cements to replace a certain amount of clinker used in Portland cement by other minerals 
utilized from industrial by-products or waste materials. 
In the last few decades pozzolanic materials including silica fume, rice husk ash, fly ash, pulverized 
fuel ash, ground granulated blast-furnace slag (GGBFS) and the presence of superplasticizers have 
made it possible to increase the effective use of PC considerably. The application of binary and 
ternary blended cements has allowed for a significant level of PC replacement while maintaining 
expected cementitious properties. It is reported that the use of silica fume at 10-20% as additive 
to PC can improve strength of concrete dramatically. Even a concrete in which 25 vol.% of cement 
is replaced by silts and clay with a water/cement ratio of 0.5 adequate durability can still be 
obtained (Chan, 2000). It is reported (ACI Committee, 1996) that concrete with 20-30% cement 
replacement with Class C Fly Ash gained higher 28 days compressive strengths than PC control 
samples. In specific conditions, Fly Ash content of up to 50% may be suitable for most structural 
elements provided adequate moist-curing and the early-age strength requirements can be met 
(Thomas, 2007; Tarun et al., 1995). At higher replacement rate of 60%, although compressive 
strength of fly ash concrete was slightly lower than the reference sample, it appears that fly ash 
concrete can meet adequate strengths for structural applications (Malhotra V.M. and Painter, 
1989). In addition, in an experiment and economic calculation, Dale et al. (2013) demonstrated 
that ternary mixture of high volume fly ash (45%) and fine limestone powder (15%) is capable 
not only to increase concrete strength but also reduce the cost considerably. Ecocem (2015) 
demonstrated that concrete made with 50% PC replacement by GGBFS obtained the same 28–day 
strength as concrete made with ordinary Portland cement (CEM I or CEM II/A), and the long-term 
strength even developed higher with GGBFS concrete. 
The improved/comparable effect of PC replacement by pozzolanic materials has been well studied 
in the literature. As calcium hydroxide is a weak chemical binding phase which accounts for 15-
19% of hydration products (Neville, 1981; The science of concrete, 2015), most of previous 
studies focused on the consumption and conversion of this undesirable product. Once pozzolanic 
reaction of pozzolans and calcium hydroxide is activated, calcium silicate hydrate gel is formed 
and the transformation from weak binding phase of calcium hydroxide to strong binding phase of 
calcium silicate hydrate gel is the main cause for strength improvement in concrete. 
Alternatively, Aydin and Baradan (2013) demonstrated the production of concrete without 
Portland cement. This type of binder, also called geopolymer, utilized GGBFS in combination with 




silica fume as the binder to obtain excellent mechanical properties and even enable to produce 
ultra-high strength concrete (Aydin and Baradan, 2013). Geopolymer consumes industrial by-
products to form a solid binder with similar mechanical functions to OPC and thus has positive 
effect to environment. However, it also presents problems of rapid setting and durability and 
further research is ongoing for future applications. 
Although having contributed to the effort of reducing CO2 emissions, most of the past research on 
PC replacement focused on blending PC with silica for pozzolanic reactions to produce additional 
C-S-H gels. The nature of the hydration and reaction mechanism of PC has not changed and the C-
S-H is still the main binding phases in blended cements. In such conditions and the high demand 
of cement in construction, the PC production with its energy-intensive nature of high temperature 
calcination still releases a high amount of CO2 and causes a large impact to the environment. 
Introduction of Magnesium-based cement 
A new stage of cement development has been initiated when the issue of reducing CO2 emissions 
and waste recycling became more important and the idea of finding alternative binders based on 
reactive magnesia gradually became of interest in materials engineering. The novel idea of using 
magnesium-based cement for green built environment lies in its potential of incorporating waste 
materials and light burn reactive magnesium oxide obtained from a low temperature (700-800oC) 
calcination process, compared to PC production. 
The CO2 emission from magnesia production is dependent on magnesite sources and production 
technology. The calcination of magnesite to produce magnesia releases CO2 emission, regardless 
of any technical arrangements. It is reported that 50% of the raw material diffuses as CO2 during 
the firing process (Trojer, 2009). The amount of CO2 emission from fuel combustion depends on 
the origin of the deposit, the different chemical compositions of the magnesite and the calcined 
temperature (Trojer, 2009) whereas different magnesia sources require different fuel 
consumption. Accordingly, the use of light burnt magnesia is beneficial from a less energy-
intensive calcination process, which leads to less CO2 emission compared to other magnesium-
based cement using hard-burnt or dead-burnt magnesia. Another breakthrough technology if 
successful can largely reduce CO2 emission as magnesia is not obtained from magnesite. The 
process involves CO2 sequestration by magnesium-rich minerals such as olivine and serpentine to 
form magnesium carbonates which are then decarbonated to obtain magnesium hydroxide for 
magnesia production (Pacheco-Torgal, 2014). 
 




Reactive MgO was first used as an additive to compensate for the shrinkage of concrete in several 
dam construction projects in China in 1966-1976 at low content of 4.5% binder (Du, 2005). 
Hydration of MgO results in magnesium hydroxide (Mg(OH)2) and the expansion effect occurs due 
to the larger volume of Mg(OH)2 compared to its precursors. Another application of magnesium-
based cement was developed for masonry blocks (Tececo, 2015). In such system, hydrated MgO 
absorbs a significant amount of CO2 to form magnesium carbonate. This binder system requires 
high porosity for the CO2 penetration and carbonation, thus only suitable for low strength 
concrete. 
The other research focuses on magnesia silicate hydrate (M-S-H) systems synthesized from 
reactions of reactive magnesia and amorphous silica. The strength of hardened M-S-H binders is 
mainly dependent on M-S-H gel phases, which are considered to have stronger bonding effect than 
brucite and potentially can be used for concrete material to achieve adequate strength for 
structural applications. 
The formation of M-S-H as hydration products was first discovered in 1953 during the 
investigation of deteriorated mechanism of concrete in sea water (Cole, 1953). The M-S-H 
formation since then had been considered a detrimental constituent without cementing 
properties in concrete and attracted little research interest for a long period. From 1977 to 2005, 
a number of studies had been performed and confirmed the formation of M-S-H gel phases. 
Remarkable publications included those of Mitsuda and Taguchi (1977) and Brew and Glasser 
(2005) studying the microstructure of M-S-H phases synthesized in the laboratory have laid the 
foundation for the development of M-S-H binders. 
Following these works, cementing properties of M-S-H binders have been studied in the last 
decade. Wei et al. (2006) studied compressive and flexural strength of M-S-H mortars prepared 
and cured at room temperature. Magnesium content in the binders varied from 60-90%, 
combined with 10-40% silica fume. The samples were then tested at 3 and 28 days, resulted in 
the highest compressive strength of 57.4 MPa with the binder composition containing 70% 
magnesia and 30% silica fume. The authors confirmed that M-S-H binder system had comparable 
strength compared to traditional Portland cement. In another study, Zhang (2012) proposed a M-
S-H binder composition containing 20% MgO, 5% MgCO3, 25% silica fume and 50% quart sand 
filler (by weight) for immobilization of nuclear waste. The compressive strengths of MgO/SF 
mortar samples reached over 30 MPa at 7 days, 50 MPa at 14 days, 70 MPa at 28 days and 
increased to 80 MPa at 90 days. However, apart from those encouraging experimental results, 
most of other studies reported the poor compressive strengths of materials using magnesium 
silicate hydrate binder systems. 




The microstructure and chemical formula of M-S-H gel have been also investigated without clear 
confirmation of the chemical formulas of hydration products. The Mg/Si molar ratio varied widely 
in a range of 0.67-4.0 as reported in the literature. In a well-known study of M-S-H gel formation 
by Brew and Glasser (2005), mixtures of magnesia and silica fume at Mg/Si molar ratios in a range 
of 0.5-2.0 were prepared. However, results showed that at room temperature, M-S-H gel with low 
Mg/Si stoichiometric molar ratios of only 0.6-1.0 were the most likely hydration products. Other 
authors, Wei et al. (2006) suggested that M-H-S gel with chemical formulas of higher Mg/Si ratios 
(up to 1.4) were achieved after 28 days, while Roosz et al. (2015) reported Mg/Si ratios at 
1.07±0.13 were formed after one year curing at room temperature. 
It can be seen that M-S-H binders have potential applications for immobilization of nuclear wastes. 
In addition, the developing binders can be used for PC replacement in structural concrete and 
other cementitious materials such as concrete block and building partitions if adequate 
workability, mechanical and durability properties can be achieved. However, the lack of thorough 
understanding and the inconsistency of research results on the mechanical properties and 
microstructure are among the main issues of the developing M-S-H binder systems. This research, 
therefore, is motivated to understand those problems in order to characterize the various 
influencing factors and propose novel M-S-H binder systems that are sustainable and viable for 
structural applications. 
 RESEARCH AIM AND OBJECTIVES 
 Aim 
The purpose of this research is to develop magnesium silicate hydrate binder systems using less 
energy-intensive and recyclable materials for PC replacement to reduce negative environmental 
impact while maintaining structural performances. 
 Objective 
The research project focuses on challenges or matters limiting the use of M-S-H binder systems, 
including the following objectives: 
1. Microstructure properties 
(i) Examine the microstructure of the pastes of M-S-H binder systems by SEM analysis. 
(ii) Study the XRD results of the pastes samples (phases and composition) of M-S-H binder 
systems.  




(iii) Measure and evaluate the pH development in the cement pastes of M-S-H binders. 
(iv) Express the pore solutions and analyze the ion concentrations of the pore solutions of M-
S-H cement pastes. 
2. Workability and mechanical properties 
(v) Investigate fresh properties of M-S-H pastes and mortars, effect of binder’s constituents 
and superplasticizers on the workability of the pastes and mortars. 
(vi) Optimize mix design and proportioning method focusing on the influence of MgO/silica 
ratio and particle packing density in order to improve strength of M-S-H binder systems. 
(vii) Investigate the ternary binder systems of magnesia, silica fume quartz filler 
(viii) Evaluate pozzolanic reactivity of different silica sources (silica fume, microsilica, rice 
husk ash, fly ash) and its effect on fresh and hardened cementitious materials. 
(ix) Investigate effect of different curing regimes (hydrothermal conditions and duration) on 
strength development of produced M-S-H mortars. 
(x) Compare mechanical properties of concrete produced with M-S-H binders and PC.  
(xi) Study stress-strain behaviors of M-S-H cement pastes made of different silica sources.  
3. Durability properties 
(xii) Examine porosity, permeability and resistivity of M-S-H concrete in comparison to PC 
concrete. 
 SCOPE OF WORK AND THESIS ORGANIZATION 
The research project is divided into 3 phases to achieve the abovementioned aim and objectives. 
Phase 1 studies the reaction mechanism and microstructure of the formation of M-S-H binder 
systems. The strength capacity and workability of the binders are also included. 
Phase 2 performs further experiments on the effects of different curing conditions and different 
material sources for the improvement of the mechanical properties of the M-S-H cement paste and 
mortar.  




Phase 3 focuses on the production of M-S-H structural concrete to characterize mechanical and 
durability properties of M-S-H concrete.  
The thesis presents the experimental work completed and highlights the major findings of the 
project. Thesis structure is organized in the following chapters: 
Chapter 1 introduces the research problem and the motivation of the project, leading to the aim, 
objectives and outline of the thesis. 
Chapter 2 provides a comprehensive review of the literature on the advances and challenges of 
the cement industry related to developing M-S-H-based binders as alternatives to PC. The 
research gaps are pointed out and the rationale behind the research aim and objectives of the 
project is presented. 
Chapter 3 describes the primary properties (chemical composition and morphology) of a wide 
range of materials used in this investigation. This chapter also explains the key methods and 
techniques used for the experimental program. 
Chapter 4 examines the hydration process and microstructure of the M-S-H pastes using different 
techniques including XRD, SEM-EDS analysis. The reactions mechanism of the formation of the M-
S-H binding phases, hydration products, hydration rate, and texture properties are discussed. In 
addition, the critical influence of the material sources and the binder compositions on the 
hydration products can be evaluated. 
Chapter 5 investigates the pH and ion concentrations of the pore solutions of the M-S-H cement 
pastes. The extraction apparatus was produced based on similar devices used for PC in the 
literature. The ICP-MS method was used to measure the concentrations of alkalis, magnesium and 
silicon to study the hydration process and the formation of the hydration products. The pH of the 
pore solutions were measured to provide an understanding of the pH development and its effect 
to the durability of the M-S-H binders. 
Chapter 6 addresses the questions on strength capacity and workability of the M-S-H cementitious 
materials. Different binder compositions were designed and compared for the pastes and mortars 
to achieve a workable M-S-H mix with a range of strengths. Ground quartz sand is used as filler in 
ternary systems to improve strength and workability of M-S-H binders. 
Chapter 7 presents effects of curing and material sources on short term and long term (365 days) 
strengths of the mortar samples using M-S-H binder systems. Different hydrothermal conditions 
were tested with various moistures (dry, sealed, water-cured) and temperatures (20oC, 50oC and 




100oC). Effects of reactivity and morphology of the materials on the strengths of the resulting 
mortar samples are evaluated from the experimental results. 
Chapter 8 discusses the potential of M-S-H binders to produce concrete for structural applications. 
The concrete produced with selected M-S-H binders and local aggregates are tested for 
compressive strength, split tensile strength and modulus of elasticity. Other experiments on 
durability properties were performed to understand the permeability, porosity and resistivity of 
the resulting concrete. Effect of quartz filler on properties of M-S-H binder concrete is also 
discussed in comparison to control samples using PC. 
Chapter 9 details the experimental study on modulus of elasticity and Poisson’s ratio of 
magnesium silicate hydrate (M-S-H) cement pastes in comparison with Portland cement. Mixtures 
of MgO with various silica sources (silica fume, microsilica, rice husk ash) were prepared with 
silica content varies between 40-60%, w/c=0.45. The axial and lateral stress-strain behaviors of 
cement pastes samples at 28 days age are presented. 
Chapter 10 summarizes the main conclusions and findings of the research on the development of 
M-S-H binder systems, including the microstructure and the ion concentrations to characterize 
the reaction mechanism of the formation of M-S-H binding phases. The strength capacity and the 
workability of the new binders with different binder compositions and effect of the filler are also 
concluded. The optimal curing condition for M-S-H binders and the effect of material sources have 
been suggested to achieve sufficient strengths for the mortars.  In addition, mechanical and 
durability properties of the M-S-H concrete are included for potential use in large scale in 
structural applications. Finally, this chapter proposes recommendations and directions for future 
research towards further improvement of the M-S-H binder system as sustainable cement.  
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2. CHAPTER 2                                                                                  
LITERATURE REVIEW 
 
A review of the most state-of-the-art aspects of the development of magnesium silicate hydrate 
binders, as a potential alternative for the replacement of conventional Portland cement, is 
presented in this chapter. At the beginning of the chapter the development of high-content 
magnesium oxide cement that maximizes carbonation in permeable concrete is outlined. 
Thereafter, an overview is presented for different aspects of the new magnesium silicate hydrate 
binder system including: reaction mechanism, workability, mechanical properties and 
microstructure. The mix proportioning methods, theories of packing density, pore solution 
analysis and curing methods, which have been widely applied to PC concrete, are also mentioned 
as important factors in the development of magnesium silicate hydrate binder systems. 
 MgO-H2O SYSTEM  
 Reaction mechanism and hydration products 
The development of MgO-H2O binder benefits from the use of reactivity magnesia which requires 
low calcining temperature. As opposed to crystalline magnesia, reactive magnesia dissolves 
rapidly. The hydrated reactive magnesia will form magnesium hydroxide (brucite) at an early age 
and then the brucite enters further reaction with permeated CO2 forming nesquehonite for the full 
strength. The reactions can be described as follows:  
MgO + 2H2O →Mg(OH)2.H2O 
Mg(OH)2.H2O + CO2 + H2O→ MgCO3.3H2O 
The formation of brucite from reactive magnesia has been observed with SEM images (Figure 2.1) 
as reported by Unluer and Al-Tabbaa (2011) in a study of reactive magnesia porous blocks. The 
mixtures comprised 85% aggregate and 15% binder containing magnesia (4-10%) and pulverized 
fuel ash (5-11%). The SEM micrographs showed the presence of magnesium carbonation product 
even at 1 day age. Various magnesium carbonates, along with non-carbonated brucite were found 
at the end of 28 days curing period. 





                                      (a)                                                            (b) 
 
                                      (c)                                                            (d) 
 
                                      (e)                                                            (f) 
Figure 2.1. SEM micrographs of magnesium hydration and carbonation products 
Mix with 10% MgO content w/c=0.8 at 28-day Carbonation (a) and at 1-day carbonation (b);       
Mix with 7% MgO content w/c=0.76 28-day carbonation (c) and at 1-day curing (d);                      
Mix with 4% MgO content w/c=0.68 28day carbonation (e) and at 1-day curing (f)                    
(Unluer and Al-Tabbaa, 2011) 
 




 Strength and Mix proportion 
The strength of cementitious materials is very much dependent on its binding phases. For MgO-
H2O system, binding phases include only brucite and magnesium carbonates. 
                   
Figure 2.2. Unconfined compressive strength (UCS) of PC/MgO binder porous block, 
aggregate/binder ratio 9:1 (Vlasopoulos and Cheeseman, 2007) 
Vlasopoulos and Cheeseman (2007) replaced PC by MgO-H2O binders in porous blocks using 
lightweight aggregate. Three replacement ratios were selected (MgO/PC=0, 0.5, and 1.0). It was 
clear that increasing PC replacement ratio by MgO reduced compressive strength at 28 days at 
which MgO-containing samples gained only 60-75% strength compared to PC-containing samples. 
However, increasing curing times was critical for the strength development of MgO-containing 
samples, thus, after 90 days the MgO samples achieved similar compressive strengths to those 
prepared using PC. 
In a study by Unluer and Al-Tabbaa (2011), the mixtures of porous blocks including reactive 
magnesia (4-10%), pulverized fuel ash (PFA) (5-11% and sand (85%) have been tested to 
examine carbonation rate and the influence of water content on strength. Mixtures containing 
magnesia (at 4%, 7%, 10%) and PFA (at 11%, 8%, 5%) were mixed with different w/b ratios to 
achieve standard consistency ±12%. 






Figure 2.3. Compressive strength of porous block with Magnesia-PFA binder (a): 10% MgO, (b): 7% 
MgO (Unluer and Al-Tabbaa, 2011) 
The testing results for compressive strength at 3, 7, 14 and 28 days showed a direct relationship 
between density and strength after carbonation. It was explained that higher MgO content 
resulted in higher Mg(OH)2 and also higher MgCO3 was formed. The influence of water content on 
strength development was not clear as the lowest w/b did not always result in highest strength. 
Among samples containing 10% MgO, those with a w/s of 0.8 produced the best compressive 
strength at 24.4 MPa. It can be seen that the carbonation process requires a high porosity for CO2 
sequestration. Therefore, magnesium oxide binder systems are generally suitable for low strength 
applications such as porous blocks. Figure 2.4 expresses a high porosity concrete to allow CO2 
penetration for carbonation. 





Figure 2.4. Permecocrete - An Example of a monosize and gap graded Eco-Cement Concrete 
(TecEco, 2015) 
 MAGNESIUM SILICATE HYDRATE BINDER SYSTEM (MgO-SiO2-H2O) 
The discovery of magnesium silicate hydrate phases in cement and concrete has been reported 
since 1950s by Cole (1953), however, there has been an increase in interest in the formation 
mechanism of magnesium silicate hydrate (M-S-H) as a binder for construction industry in the last 
decades. The idea of combining reactive magnesia and silica for cementitious materials was  
proposed recently by Wei et al. (2006) as an alternative for Portland cement with its potential 
benefits from an environmental perspective. 
 Formation of magnesium silicate hydrate - reaction mechanism 
Hydration of magnesia (MgO) 
It has been demonstrated that reactive MgO - which is essentially amorphous and different in 
nature from crystalline magnesia - dissolves in water to form brucite (Mg(OH)2). The hydration 
occurs at an early age and nearly complete in 3 days (Wei, 2006; TecEco, 2015; Fang, 2004). 
As studied by Silva (2011), hydration of MgO in water occurs in stages. The first process is 
controlled by proton attack onto the surface of magnesia: 
MgOsurface + H+ →MgO . H+surface→ Mg2++OH-solution 
As the concentration of Mg2+ in solution increases, the dissolution of hydroxyl and cation begins 
and control the reaction: 




MgOH+surface +OH-solution→ MgOH+ .OH-solution→ Mg2++ 2OH-solution 
The reaction proceeds and achieves super-saturation, followed by precipitation of Mg(OH)2 on the 
MgO surface and slow the reaction rate. The reaction path for the hydration of magnesium in 
water is describes as: 
MgO +H2O → Mg2++ 2OH-solution ↔ Mg(OH)2 
Hydration of silica (SiO2) 
In the presence of reactive siliceous powder in high pH solution, reactions between MgO and silica 
to form M-S-H gel have been reported. The first stage is the dissolution of reactive silica in water 
to form silicic acid (Rimstidt and Barnes, 1980). The reaction rate is dependent on the reactivity 
of the reactants as well as the hydrothermal conditions, following the equation: 
SiO2(s) +2H2O (l) ↔ H4SiO4(aq) 
The equation consists of two opposing reactions at equal rates when the system is at equilibrium, 
as described below: 
SiO2 +2H2O →SiO2 .2H2O → H4SiO4 
H4SiO4→SiO2 .2H2O → SiO2 +2H2O 
Formation of magnesium silicate hydrate gels 
With the availability of both magnesia and silica in the solution, the formation of magnesium 
silicate hydrate was observed (Mitsuda and Taguchi, 1977; Brew, 2005; Zhang, 2014; Li et al., 
2014). At room temperature, Li et al. (2014) proposed some potential reaction equations based 

















), described by the following equations: 
3Mg2++ 6OH- + 4SiO2 →Mg3Si4O10(OH)2 + 2H2O 
3Mg2++ 6OH- + 2SiO2 →Mg3Si2O5(OH)4 + H2O 
Such reaction mechanisms of M-S-H formation can be explained by the presence of anions and 
cations of brucite and silicic acid in the solution, as follows:  
Chemical reactions for the formation of serpentine: 




3Mg(OH)2  → 3Mg2++ 6OH- 
2SiO2 +4H2O → 2SiO44-+8H+ 
3Mg2++ 6OH- + 2SiO44-+8H+→Mg3Si2O5(OH)4 + 5H2O 
3Mg(OH)2 + 2SiO2 ↔ Mg3Si2O5(OH)4 + H2O  
Chemical reactions for the formation of talc: 
3Mg(OH)2  → 3Mg2++ 6OH- 
4SiO2 +8H2O → 4SiO44-+16H+ 
3Mg2++ 6OH- + 4SiO44-+16H+→Mg3Si4O10(OH)2 + 10H2O 
3Mg(OH)2 + 4SiO2 ↔ Mg3Si2O5(OH)4 + 2H2O 
In a recent study, Zhang et al. (2014) confirmed the formation of M-S-H gel and Mg(OH)2 as 
hydration products of MgO-SiO2-H2O system. Also, the result has shown that if mixture containing 
60 wt.% SF and 40 wt.% MgO (molar ratio of Mg/Si=1.0), all the brucite reacts with silica fume 
and converts into M-S-H gel on condition that sufficient water is supplied (w/s=0.8). The M-S-H 
gel chemical formula was calculated as M8Si8O20(OH)8.12H2O based on the weight loss 
assumptions and TGA data at 285 days, as shown in the equation:  
8MgO + 8SiO2 + 16H2O→M8Si8O20(OH)8.12H2O 
The reaction of brucite and silica to form magnesium silicate hydrate, thus, can be written in 
general form below in which M-S-H gel was reported as a secondary hydration product, formed 
by the reaction of brucite (the hydration product of magnesium in water) with silica. 
xMg2+ 2x(OH)- +ySiO2 → xMgO.ySiO2.zH2O 
 Microstructures of magnesia silicate hydrate 
The formation of M-S-H gel in natural and synthesized phases exhibits a wide range of Mg/Si molar 
ratios. M-S-H was firstly reported to occur in cement mortars decomposed by sulfate attack of sea 
water with the chemical composition of 4MgO.SiO2.8.5H2O (Cole,1953). Bonen and Cohen (1992) 
simulated the sulfate attack of blended PC, contain MgO, in magnesium sulfate and suggested 
another formula of lower Mg/Si ratio (2MgO.SiO2.H2O). In an experiment on sulfate attack to form 




M-S-H gel, Gollop and Taylor (1996) calculated Mg/Si molar ratio to be 1.37 and close to 
serpentine C3S2H2. Mitsuda and Taguchi (1977) found that synthesized M-S-H gel has crystallized 
structure with Mg/Si =0.75 ratio and similar to talc microstructure (Mg3(Si4O10)(OH)2). After long-
term curing of magnesia and siliceous gels at room temperature for up to 7 years, Mitsuda and 
Taguchi (1977) concluded that magnesium silicate hydrates are disordered intermediate phases 
and most likely to formation of talc (Mg/Si=0.75), chrysotile (Mg/Si=1.5), or deweylite-like 
materials at Mg/Si ratios between the two minerals (Figure 2.5). Similar results of the M-S-H gel 
formation with Mg/Si ratios of 0.7-1.5 were reported by Lothenbach et al. (2015).  For mixtures 
of magnesia and silica having a low Mg/Si ratio = 0.5, the M-S-H gel formed also have Mg/Si=0.5 
with microstructures similar to clay minerals such as crystalline sepiolite and smectite (The 
Mineral Society, 1991). 
 
Figure 2.5. Electron images of M-S-H: (A) Poorly Crystalline Magnesium Silicate Hydrate,(B) Poorly 
Crystalline Talc, and (C) Highly Crystalline Talc. (Mitsuda and Taguchi, 1977) 
In a study by Brew and Glasser (2005), two forms of M-S-H gel were synthesized and characterized 
for comparison. One form of M-S-H gel precipitated in reactions between sodium metasilicate 
(Na2SiO3.5H2O) and magnesium nitrate (Mg(NO3)2.6H2O. Other forms of M-S-H gel are products 
from exposure of Portland cement containing low initial magnesia in MgSO4 solution. All M-S-H 
gel were cured in short and long period (24 hours and 6 months) to characterize Mg/Si molar 
ratios and crystallinity. The author discussed that the chemical and mineralogical nature of the 
magnesium phase is a function of silica reactivity. In mixtures with low reactive silica, brucite 
(Mg(OH)2) is the favoured final product while in mixtures of highly reactive silica, brucite may be 
completely reacted to result in M-S-H gel. Brew and Glasser (2005) also suggested a narrow band 
of M-S-H gel composition. At low target ratios of Mg/Si = 0.5-0.75, the actual obtained Mg/Si ratio 
was in a range of 0.66-0.82. While in an increased target ratio of Mg/Si from 1.0-2.0, the actual 
Mg/Si ratio obtained increased to 0.86-0.96. The M-S-H phases have poor crystallinity close to 
known M-S-H minerals: sepiolite: Mg4(Si2O5)3(OH)2.4H2O (Mg/Si = 0.67); talc: Mg3(Si2O5)2(OH)2 
(Mg/ Si = 0.75) and serpentine: Mg2(Si2O5)(OH)4 (Mg/Si = 1.0). 




Wei (2006) has performed an analysis on the composition of M-S-H gel in high MgO/SiO2 ratios at 
room temperature. A wide range of hydrated magnesium silicates were obtained with Mg/Si 
molar ratios varying from 0.82 to 1.83 with a mean value of 1.40. 
Recently, Li et al. (2014) tested the formation of M-S-H gel at room temperature in which MgO/SF 
pastes with different Mg/Si ratios from 0.67-4.0 were prepared with a water content of 5.0. The 
mixtures were cured for 1 year to ensure all the reactions were completed. Figure 2.6 shows the 
XRD patterns of the mixtures where there was no residual brucite in mixtures of Mg/Si molar 
ratios of 0.67 and 1.0. As Mg/Si was of 1.5 or higher, the hydration products included both M-S-H 
gel and residual brucite. The chemical compositions (Mg/Si ratios) of hydration products are 
dependent on the Mg/Si ratios of the reactants. Lothenbach et al. (2015) by XRD analysis 
suggested that for 0.8<Mg/Si<1.0 the M-S-H structure is related to talc (3MgO.4SiO2.H2O) while at 
higher Mg/Si ratio M-S-H was reported to correspond to serpentine (3MgO.2SiO2.2H2O). 
 
Figure 2.6. XRD patterns of the fully hydrated MgO/SF pastes with different Mg/Si ratios.                    
(Li et al., 2014) 
In terms of hydrothermal treatment effect on the microstructure of M-S-H hydration product, 
previous studies have shown that the increased temperature and curing period shows 
improvement in crystallinity and local ordering of M-S-H gel structures. Mitsuda and Taguchi 
(1977) investigated hydration of Mg(OH)2 and colloidal silica at 180 oC to 600oC in the period from 
4 h to 8 weeks. The results confirmed that the M-S-H gel had a poor crystalline structure and the 
crystallization was proportional with temperature and curing time. The weak interlayer binding 
force was attributed as the cause of disordered layer silicates. Brew and Glasser (2005) also 




observed the improvement of crystallinity and local order of M-S-H gel synthesized and cured for 
6 months at 85oC, compared to control sample cured at 25oC in 24 hours. 
It is seen that considerable divergence of M-S-H compositions exists in the literature. One 
influencing factor is the reactivity and purity of light burn MgO that varies considerably dependent 
on the material sources. The other factors of Mg/Si mixing ratio and hydrothermal treatment play 
important role in the composition of M-S-H gel phase and crystallinity. At room temperature, it is 
noted that the most likely synthesized M-S-H gel has Mg/Si molar ratio of 0.67-1.5, close to talc 
and serpentine or in between. 
 Mix proportion and mechanical properties 
The formation of magnesium silicate hydrate gel in paste was mainly observed during sulfate 
attack of concrete (Cole, 1953; Bonen, 1992; Gollop, 1992) with limited or detrimental cementing 
properties (Zhang, 2014). For this reason, it is not surprised that there was no research on 
magnesia silicate hydrate as potential construction materials (Jin and Al-Tabbaa, 2014). 
The first M-S-H-based material with compressive strength of over 50 MPa was reported in a study 
by Wei et al. (2006). The mortar mixes contained 60%-90% reactive MgO and 40%-10% silica 
fume were prepared with w/b=0.5 and cured at room temperature. The compressive and flexural 
strengths of samples are listed in table 2.1. 
Table 2.1. Mix proportions and strengths of MgO-SiO2-H2O mixtures (Wei et al., 2006) 








































Testing results indicated that the M-S-H system had cementing properties and the strengths were 
dependent on the mix proportions. The lowest 28-day compressive strength was 45.2 MPa 
obtained with the mixture containing the least SiO2 content (10%). A decrease in MgO content to 
70% accompanied by an increase of SiO2 to 30% led to an increase of 28-day compressive strength 
to the highest value of 57.4 MPa. It is explained that SiO2 reacts with Mg(OH)2 to form M-S-H gel - 
the hydration product that gains strength better than Mg(OH)2. 




In comparison to Portland cement system for nuclear waste immobilization, Zhang et al. (2012) 
proposed a magnesia silicate cement system consists of 50% MgO/SF blend and 50% quartz sand 
added as inert fillers. The binder composition included 20 wt.% MgO, 5 wt.% MgCO3 (to achieve 
low pH), 25 wt.% SF, 25 wt.% coarse quartz sand (176µm mean particle sizes) and 25% wt.% 
milled quartz sand (51µm mean particle sizes). The w/b=0.55 and 1% inorganic superplasticizer 
sodium hexametaphosphate (NaHMP) was used for workability. 
 
Figure 2.7. XRD patterns of MgO/SF samples over 90 days. (B: brucite (Mg(OH)2);Q: quartz (SiO2); 
*: magnesium-silicate-hydrate (M-S-H) gel)(Zhang et al., 2012). 
 
Figure 2.8. Compressive strengths of PC/BFS and MgO/SF samples over 90 days (Zhang et al., 
2012). 




The compressive strengths of MgO-SF mortar samples reached over 30 MPa at 7 days, 68 MPa at 
28 days and 80 MPa at 90 days. Except for a lower compressive strength at the early age of 7 days, 
the compressive strength of MgO/SF cement system afterwards increased higher than control 
sample containing 25 wt.% PC and 75 wt.% blast furnace slag (BFS) mixtures (w/s=0.35). The 
XRD analysis also indicated that most of MgO reacted with SF to form M-S-H gel at 90 days age as 
no peaks of brucite was observed with XRD pattern at this age. 
Compressive strengths of M-S-H pastes were also reported by Zhang et al. (2014), using mixtures 
of MgO and SiO2 at molar ratio of 1.0 (40% MgO - 60% SF by mass).  
 
Figure 2.9. Compressive strength of 40% MgO+60% SF samples with 1% NaHMP at different w/s 
ratios over 90 days (Zhang et al (2014). 
The compressive strength was highly dependent on water content and curing period. The highest 
compressive strength achieved with lowest w/s=0.4 at 7, 28 and 90 days were about 45 MPa, 68 
MPa and 72 MPa. The XRD, TGA test result indicated the main hydration product of the 40% MgO 
+ 60% SF system was M-S-H gel for all selected w/s ratios. 
Jin and Al-Tabbaa (2014) performed experiments with different commercial magnesium and 
siliceous materials to evaluate reactivity by measuring hydration rates. Magnesia-silicate-water 
mixtures with silica contents of 15%, 30% and 50% were prepared and cured at ambient 
temperature. Due to the fineness of MgO and SF, the binder required high w/b from 0.59 to 0.87 
to achieve standard consistency and consequently obtained very low strength. The maximum 
compressive strength of M1 series (less reactive magnesia) over 90 days was only 15 MPa while 
the Figure of M2 series (high reactive magnesia) was higher at 17 MPa (Figure 2.10). 





Figure 2.10. Compressive strength of MgO-MS mixtures (Jin and Al-Tabbaa, 2014) 
The compressive strength is also proportional to the increase in silica fume content from 0-50%. 
This is inconsistent with the previous study by Wei (2006) reported that the maximum 
compressive strength obtained with a mix containing 30% of silica fume. Surprisingly, the 
compressive strength only increased with water curing up to 56 days and reduced with longer 
curing in water up to 90 days. Jin and Al-Tabbaa (2014) proposed that the reaction between MgO 
and silica was completed within 2 months and further curing in water resulted in the dissolution 
of the hydration products and consequently reduced the paste’s strength. 
 
Figure 2.11. Compressive strengths of 1:1 Mg(OH)2 : SiO2 pastes, w/b = 1.0, with 0–5 wt% (NaPO3)6. 
(Walling et al., 2015) 
Walling et al. (2015) blended slurry Mg(OH)2 with silica fume at mix proportion of 1:1 to produce 
a cementitious system for immobilization of Magnox sludge. Despite the addition of (NaPO3)6 as 
an inorganic dispersant, the high water demand required for workability was reported the biggest 




challenge of the Mg(OH)2-SiO2-H2O system to achieve high strength. As a result, the compressive 
strength of all samples mixed with high w/b ratio of 1.0 was only 1 MPa at 7 days and increased 
to over 3 MPa at 28 days. 
The compressive strengths of M-S-H pastes and mortars from previous studies are summarized 
in Table 2.2. It is shown that there have been limited publications on strengths of magnesium 
silicate hydrate binder systems with somewhat contradictory results. The binder compositions 
(MgO/SiO2 ratio) and different material sources were among the key factors of the wide variation 
of compressive strengths. The strength of magnesium oxide binder system without silica, based 
on carbonation of brucite as the only hydration product was generally lower than equivalent 
Portland cement binders. On the other hand, the presence of both reactive silica and magnesia led 
to the formation of M-S-H gel with higher cementitious properties in which 28-day compressive 
strength could reach 70 MPa. Among reported publications, only a few studies (Wei et al., 2006; 
Zhang, 2012, 2014) showed equivalent strength results to Portland cement. The optimal M-S-H 
binder composition for strength was not clear and there was no prescribed method of mixture 
design in presence of aggregates. 
  



















Compressive strength (MPa) 
Magnesium 
content 












Wei et al. (2006) 




18.0 - - 45 - - 
80 20 - 0.50 2% 24.0 - - 56 - - 
70 30 - 0.50 2% 21.0 - - 57 - - 
60 40 - 0.50 2% 16.0 - - 53 - - 










- 33 51 68 - 80 
Zhang et al. 
(2014) 
40 60 0 0.40 1 % (NaHMP) 
Wet cured 
- 43 55 68 - 72 
40 60 0 0.50 1 % (NaHMP) - 40 50 60 - 65 
40 60 0 0.60 1 % (NaHMP) - 20 43 48 - 55 
40 60 0 0.80 1 % (NaHMP) - 13 18 22 - 32 
Jin and Al-
Tabbaa (2014) 
100 0 - 0.87 - 
Water 
cured 
- 3 - 5 7 6 
85 15 - 0.87 - - 3.5 - 8.5 12 11 
70 30 - 0.87 - - 4 - 5 15 12 
50 50 - 0.87 - - 2 - 11 17 15.5 
Walling et al. 
(2015) 
50% 





- <1 - 2 - - 
50% 
Mg(OH)2 50 - 1.0 1% - <1 - 2.8 - - 
50% 
Mg(OH)2 50 - 1.0 2% - <1 - 3.3 - - 
50% 
Mg(OH)2 50 - 1.0 5% - <1 - 2.9 - - 
       *: w/s =0.275 (solid content: MgO, SF, quartz sand as inert filler) 





Workability is defined in ACI 116R “Cement and Concrete Terminology” as “that property of 
freshly mixed concrete which determines the ease and homogeneity with which it can be mixed, 
placed, compacted, and finished.” 
As green building materials generally require a reduction in cement content and increase use of 
industrial by-products and/or recycling resources as supplementary cementitious materials, 
there is a question whether an M-S-H binder for sustainable concrete can be achieved with the 
same workability as PC mixture. Dale et al (2013) have mentioned several disadvantages in 
workability and constructability with cement incorporating industrial by-products and/or 
recycling resources such as improper hydration, delayed setting times, reduced early-age strength 
and increased sensitivity to curing conditions. 
 Water demand of silica fume and M-S-H-based cementitious materials 
It is well known that water to binder ratio has a considerable influence on strength of concrete 
due to excess water resulting in high porosity which weakens the material. Effect of water content 
to the strength of M-S-H binder system are even more important than PC as M-S-H binder system 
contains a very high content of siliceous materials. 
Water demand of silica fume concrete with Portland cement has been studied extensively in the 
literature. ACI 363R-92 (1992) suggests that the high silica fume content used in high strength PC 
concrete results in significant change in water demand. Due to this limitation, the maximum PC 
replacement ratio by silica fume is normally limited at 25% (ACI 211.1,1991) and in practice 
typically around 10%. 
Rao (2003) examined the influence of high silica fume volume on the consistency of cement pastes 
and mortars. Silica fume replaced cement up to 30% at a constant increment of 2.5%-5% by 
weight of cement. The test result showed that the consistency (percentage of water to achieve 
standard consistency) of the paste increased proportionally with the increase of silica fume 
content. The standard consistency of pure cement paste was only 31.5% whereas that value 
increased to 40% at 20% SF content. An additional water requirement of as much as 44.25% was 
observed for the paste containing 30% SF. The reason for the increase in water demand was due 
to the fineness and low specific gravity of SF resulted in increased specific surface and binder 
volume of the high SF content mixture. 
 





Figure 2.12. Variation of consistency of cement paste containing different percentages of silica 
fume (Rao, 2003) 
The workability measured by % flow of high silica content PC mortar is reported in Figure 2.13. 
The replacement of PC with silica fume up to 15% did not affect the flow. As silica fume content 
exceeded 15%, the flow reduced due to the increase of water demand effect. However, the effect 
of silica fume content to workability was not clear, possibly due to the selection of high w/b ratios 
of 0.45 and 0.50. 
 
Figure 2.13. Variation of workability (% Flow) of cement mortars with different silica fume 
contents (Rao, 2003) 
There have been few publications on water demand of magnesium silicate hydrate binder system 
in which the common argument is that the extremely high water demand is due to the very high 
content of silica fume. Fine, light burned magnesia also tends to have a high water demand. 
Coarser MgO powders calcining at higher temperatures requires lower water demand but cause 
damage due to expansion during the late hydration (Vandeperre, 2007) and are not usually used 
for magnesium silicate hydrate binder system. 
Zhang et al. (2010) conducted flow tests of M-S-H binder to compare with Portland cement. To 
achieve flow diameter of 185 mm, the control sample of 100% PC required w/c as low as 0.33 
while the mixture of 50% MgO + 50% SF required a w/b=1.3 for a flow of 183 mm. An extremely 




high w/b=1.6 was observed with a mixture of 20% MgO + 80% SF to obtain similar flow to PC 
(Table 2.3).   
 
 Table 2.3. Consistency by flow table of PC and MgO+SF binder (Zhang et al., 2010) 
Sample description Value (mm) 
Water/ 
Solid ratio 
100PC 185 0.33 
75BFS/25PC 184 0.35 
50MgO/50SF 183 1.3 
20MgO/80SF 185 1.6 
Jin and Al-Tabbaa (2014) tested the standard consistency of M-S-H binder and each individual 
constituent of the binder system. Reactive magnesia (MgO) had water demand for standard 
consistency of 0.48 and 0.52 while microsilica required much higher at 1.2. A binder of 50% MgO 
+ 50% microsilica required w/b=0.87 to achieve standard consistency. 
 Setting time 
Due to the high water demand, M-S-H binder is known to have longer setting times compared to 
Portland cement. In the study by Zhang et al. (2010), the final setting time of M-S-H mixes in Table 
2.3 last very long. The  50 wt.% MgO + 50 wt.% SF mix final setting time was 48h and the final 
setting time of 20 wt.% MgO + 80 wt.% SF mix was up to 72 hours whereas the PC and blended PC 
mixes had final setting times of only 4.5 and 5 hours (Figure 2.14). 
 


























The disadvantage of high silica fume content to workability of PC was also reported (Rao, 2003). 
Low percentages of SF did not affect the setting times considerably. However, at higher SF 
contents, the initial setting time significantly decreased. Testing results in Figure 2.15 described 
that initial setting time was only 30 min as SF presented at 30%. Thus, the negative effect of high 
SF content to the workability of both PC and M-S-H binder system poses a real challenge for the 
development of M-S-H binder system to achieve low water content mixtures with reasonable 




Figure 2.15. Variation of setting times of cement pastes with different percentages of SF addition 
(Rao, 2003). 
 
 Use of dispersant additives and superplasticizers 
It was shown in previous studies that the M-S-H binder system has an extremely high water 
demand. The high w/b ratio consequently results in low compressive strength, and without 
measures to reduce water demand, it is a very big challenge to produce normal or high strength 
M-S-H cementitious materials. 
The water reducing effect of additives has been well studied in the published literature. For 
Portland cement silica fume concrete, ACI 211.1 (1991) recommends that silica fume should 
always be used with a water-reducing admixture, preferably high-range water reducers (HRWR) 
to maximize the full strength-producing potential in concrete. The reason for use of HRWR is to 
assist in achieving uniform dispersion. The dosage of the HRWR will depend on the percentages 
of silica fume and the type of HRWR used. There is also a need to mix adequately with higher 
mixing time compared to mixtures without silica fume additive. 




Table 2.4. Castable composition wt.% (Myhre et al., 1997) 
Castable components: Spinel Forsterite Magnesite 
Magnesite: -100 micron 35 35 35 
Microsilica 983U 8 8 8 
Calcined alumina: BACO MA95D2 5 5 5 
Spinel AR78: 01-3mm 28   
Spinel AR78: 0.5-1mm 12   
Spinel AR78: 0-0.5mm 12   
Olivine 1-5mm  20  
Olivine AFS20  20  
Olivine AFS30  12  
Magnesite: 1-4mm   28 
Magnesite: 0.5-1mm   19 
Magnesite: <0.5mm   5 
Vanisperse CB (deflocculant) 0.25 0.25 0.25 
Water (13 vol%) 4.57 4.65 4.5 
 
The use of dispersant for M-S-H bonding system has been reported since 1989 in studies of MgO-
SiO2 system for pumpable MgO based castables. One example of a good flow mixture was achieved  
(Fisher, 1989) in which the bond phase comprised 15wt.% of MgO (10µm), 5wt.% of MgO (45µm), 
6wt.% microsilica, 5wt.% water and 0.3 wt.% sodium hexametaphosphate (NaHMP), which was 
used as deflocculant. Myhre (1997) used another deflocculant (Vanisperse CB) to produce self-
flowing castables of MgO-SiO2-H2O bond system mixed with different aggregates include periclase, 
spinel and olivine (forsterite); the flowability was well attained at low water addition (Table 2.4). 
Further studies on M-S-H bond system in refractories were presented with the focus on the effect 
of additives and raw materials on flow and set. Ødegård et al. (2001) tested the flow and setting 
time of castable mixtures with different additives and reported that either Vanisperse CB or 
Castament FS10 was identified as interesting additives to obtain good workability. The increase 
in additive dosage led to the increase in flow and also retard the set time of the mixture (Table 
2.5). Effect of Castament FS10 additive to the improvement of rheology of MgO-SF mixture was 
also demonstrated in study by Myhre (2002) in which mixes of different dead burnt magnesia and 
Microsilica (6-8%) were deflocculated by Castament FS10 (0.5 wt.%) to obtain good flow at water 
content as low as 4%. 
 




Table 2.5. Effect of additives on flow and set of MgO-SF castables (Ødegård et al., 2001) 
Additives (wt.%) Calgon S Vanisperse CB Calgon Castament 
FS10 
0.2 0.2 0.3 0.2 0.25 
Nedmag MgO (wt.%) 94 94 94 94 94 
Microsilica 971U (wt.%) 6 6 6 6 6 
Water (wt.%) 4.50/13.1 4.50/13.1 4.50/13.1 4.50/13.1 4.50/13.1 
Free-flow (%) 41 6 16 16 76 
Vibra-flow (%) 120 100 116 120 128 
Set time (hours:min) 1:00 0:30 2:15 0:50 1:15 
 
In previous studies, there are a number of additives which have been used effectively for mixing 
of workable refractories and castables containing MgO and microsilica whereby MgO content was 
predominant. In recent studies on strength of reactive magnesia silicate hydrate as a cementitious 
material, Wei et al. (2011) suggested that inorganic phosphate salts such as sodium 
hexametaphosphate (NaHMP: chemical formula is Na(PO3)6)) and potassium hexametaphosphate 
(KHMP) are able to improve the fluidity of MgO-microsilica systems. 
Zhang et al (2012) designed a low pH M-S-H cement formulation contained 20 wt.% MgO, 5 wt.% 
MgCO3, 25 wt.% SF, 50 wt.% quartz sand micro-fillers to encapsulate the problematic nuclear 
waste. It was reported that by addition of NaHMP of 1% by weight of the solids, the rheology of 
the mix was well improved with water to solid ratio of only 0.275 (w/b=0.55). 
In a study by Zhang (2014) on the formation of magnesium silicate hydrate (M-S-H) cement pastes 
using sodium hexametaphosphate (NaHMP), the solid phase included 40%MgO+60%SF by weight 
were mixed with different NaHMP dosages to find the optimal amount of additive. The results 
showed that 1% NaHMP additive resulted in optimal water reduction for workability. The 
minimum water to binder ratio to form a thick paste was reduced to 0.40 (Figure 2.16). 





Figure 2.16. Minimum w/s ratio at which a paste formed for different NaHMP dosages (Zhang, 
2014) 
Walling et al (2015) investigated the influence of NaHMP additive on the workability of M-S-H 
binder composition of Mg(OH)2 and Silica fume (1:1 ratio) in which the range of superplasticizers 
used varied extensively from 0 to 5% as shown in Figure 2.17. 
 
Figure 2.17. Mini-slump values for 1:1 Mg(OH)2:SiO2 with 0–5 wt%(NaPO3)6at different 
water/binder ratios (Walling et al., 2015) 
The addition of (NaPO3)6 as an inorganic dispersant resulted in major differences in the 
workability of the prepared samples. The paste without (NaPO3)6 addition lacked fluidity and 
required w/b as high as 1.6 to achieve a mini-slump of approximate 80 cm2. Mixes with added 




NaHMP at 1-2 wt% obtained a similar mini-slump but at a lower w/b at 0.55-0.60. The most 
effective dosage of additive was found at 1% to obtain highest fluidity (mini-slump of 130 cm2) 
with a w/b down to 0.7. The addition of 5 wt% (NaPO3)6 increased fluidity, compared to non-
plasticizer sample, however required much higher water content as observed in the formulations 
with 1 and 2 wt% (NaPO3)6. The loss of fluidity as NaHMP added exceeding 2% indicated a 
threshold limit beyond that the dispersion is no longer effective. 
 Micro-fillers and rheology 
The use of micro-fillers was well studied to improve workability and strength of Portland cement 
concrete. In a study by Nehdi (1998), the influence of ultrafine fillers to the rheology of high-
strength concrete has been assessed, including factors such as superplasticizer efficiency, slump, 
and flow resistance. The testing fillers include silica fume, ground silica, limestone with different 
binary blends of 5, 10, 15, 20% weight content for cement replacement. The water to cement ratio 
is controlled at 0.33 and slump was required as 220mm ± 20mm by adjustment of 
superplasticizers content. 
 
Figure 2.18. Superplasticizer dosage for constant workability 
The integration of the ultrafine fillers of ground silica and limestone significantly improved 
rheology of concrete mixtures by reduction of superplasticizers from 25% up to 70% compared 
to controlled PC sample without ultrafine fillers. In contrast, silica fume significantly increased 
superplasticizer dosages, especially at high cement replacement ratio (20%). Other authors 
(Siddique and Khan, 2011) also concluded that silica fume in the amount exceeding 5% from the 
mass of cement considerably increases the water demand of the binder due to the increase in the 
fine fraction volume. 









The decrease of flow resistance with the inclusion of 15% ultrafine fillers improved the 
workability of the mixtures (Figure 2.19). Surprisingly, the replacement of 15% cement by silica 
fume gave the lowest flow resistance, due to the combined effect of spherical particle shape with 
high superplasticizer content. However, it should be noted that in another study, Hedda and 
Harald (2009) pointed out that the flow resistance decreased whereby silica fume content was as 
low as 9% and over that weight percentage, the flow resistance actually increased. 
The idea of combining superplasticizer and suitable ultrafine particles to make the concrete easier 
to place and improve rheology was also explained by Nehdi (1998). The principle was that the 
superplasticizer can combat the electrostatic forces to disperse ultrafine particles, while the 
spherical microfillers can reduce the viscous and friction forces between aggregates. In the 
presence of superplasticizer, the finer and the more spherical filler resulted in the better rheology. 
It is also suggested that for the good rheology with minimum viscosity of suspensions, the 
deviation from ideal grading should be minimal to target the high particle packing with broad 
particle-size ranges of fillers for the finer particles to fit into the gaps between coarser particles. 
Barnes (1989) proposed that gradation for optimized particle packing of the binder might 
enhance the flow of concrete. 
Daukšys (2010) examined the influence of finely ground quartz sand and plasticizing admixtures 
on rheological properties of Portland cement paste. The testing Portland cement had a specific 
surface area of 353 m2/kg and water demand for normal consistency of 27.5 %. The quartz sand 
was ground to specific surface area of 255 m2/kg. 
 





Figure 2.20. Flow curve of cement pastes in addition of finely ground quartz replaces Portland 





Figure 2.21. Yield stress of cement pastes in addition of finely ground quartz replaces Portland 
cement (0-20%), w/c = 0.55 (Daukšys, 2010) 
 
 
It was shown in Figure 2.20 and Figure 2.21 that flowability of the paste was improved as finely 
ground quartz replacing from 5 % cement reduced the shear and yield stress of the cement paste 
while higher amounts of the filler up to 20% only have negligible improvement on the rheology 
properties of the paste.  





Figure 2.22. Dependence of viscosity on the ground quartz filler content (0-20%), w/c = 0.55 
without superplasticizer (Daukšys, 2010) 
 
Figure 2.23. Dependence of viscosity on the ground quartz filler content (0-20%), w/c = 0.55with 
different superplasticizers (1,2,3) at velocity gradient 205 s–1(Daukšys, 2010) 
 
 
Figure 2.24. Dependence of viscosity on the ground quartz filler content (0-20%), w/c = 0.55with 
different superplasticizers (1,2,3) at velocity gradient 630 s–1 (Daukšys, 2010) 
The combined effect of quartz fillers and three different plasticizers on viscosity was also 
reported. The use of plasticizing admixtures decreased the viscosity of the cement paste at 




different rate subjected to the chemical composition of the admixture. The test results indicated a 
possibility to reduce the viscosity of cement pastes with the addition of finely ground quartz sand 
and plasticizing admixtures (Figure 2.22 – 2.26). 
The only M-S-H binder mixtures incorporating crushed quartz fillers was reported by Zhang 
(2012) in which the role of quartz filler is to reduce shrinkage resulted from high silica fume 
content. The effect of micro fillers on the workability of M-S-H binder has not been studied 
extensively in the literature. 
Silica fume is very much finer with a significant increase in its specific surface area compared to 
Portland cement, consequently results in extremely high water demand of M-S-H binder system. 
The workability of M-S-H binder system can be improved by using a number of dispersive 
additives to reduce water demand effectively such as Sodium hexametaphosphate, Vanisperse or 
Castament FS10. The optimal superplasticizer dosage (solid content) for M-S-H binder system was 
found in a range of 1-2%. However, no experiments of polycarboxylate-based superplasticizer 
with M-S-H binder system were found in the literature. The lowest water to cementitious 
materials at which M-S-H paste can be formed was still very high (w/b=0.40), compared to 
Portland cement. The introduction of some types of fillers to the binder system in presence of 
superplasticizer led to the improvement of the workability by reducing shear stress, viscosity and 
increasing particle packing density. 
 CONCRETE MIX PROPORTIONING METHODS 
The mix proportions play an important role in the mechanical properties and durability of 
cementitious materials. For PC concrete, mix design methods were well studied and reported in 
the literature. For example, ACI 211.1 provides a design method for normal, heavyweight and 
mass concrete to achieve desirable workability and compressive strengths. There are also 
guidance for high strength concrete mix design using supplementary cementitious materials such 
as fly ash (ACI 211.4R) and silica fume (ACI 234R). For other materials such as high-performance 
concrete or ultra-high performance concrete (UHPC), numerous studies have been published as a 
basis for the mix proportions selection. The optimization of mix proportions of UHPC considering 
the use of silica fume and crushed quartz filler fillers resulted in over 200 MPa concrete with high 
durability. However, studies on mix design methods for proportioning M-S-H concrete have not 
been found extensively in the literature. In addition, the reported strengths of M-S-H cementitious 
materials are somewhat lower than those achieved with PC. Therefore, the advanced mix 
proportioning methods of PC concrete and theory of packing density is reviewed and presented 
in Appendix A as guidance for the development of high strength M-S-H cementitious materials.  




 CURING OF M-S-H CEMENTITIOUS MATERIALS AND STRENGTH DEVELOPMENT 
The M-S-H binder systems have been studied recently as a cementitious material and there has 
been very limited publication on the effect of different curing regime to its mechanical properties 
and durability. Most of previous studies adopted standard curing in water at ambient 
temperature. As opposed to conventional PC paste, M-S-H paste and mortar were observed to 
develop strength slowly. A detailed discussion of PC is provided in Appendix A. 
The slow strength development of M-S-H binder was demonstrated in a number of studies as 
described in Figure 2.25. At the age of 7 days, M-S-H samples achieved only 30-67% of the 
compressive strength compared to 28-day samples (Wei et al., 2006; Zhang et al., 2012, 2014). 
Further curing to 56 and 90 days improved compressive strength considerably to 106-146% of 
28-day compressive strength while some samples exhibited an abnormal strength increase upto 
240% (Jin and Al-Tabbaa, 2014). The linear-like strength development from 7 days to 90 days 
(Figure 2.25) indicates a longer curing period beyond 28 days for M-S-H cementitious materials 
to achieve its optimum strength. 
 
Figure 2.25. Strength development of M-S-H pastes and mortars 
Jin and Al-Tabbaa (2014) suggested an optimal water curing period at 56 days for M-S-H paste 
samples. It was surprising that further curing of M-S-H samples in water for more than 56 days 
reduced the compressive strength. The adverse effect of water curing for longer than 56 days was 
explained that while full hydration was completed within 56 days, further soaking in water led to 
the dissolution of the hydration products and strength reduction. This controversial effect of 
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 PORE SOLUTION ANALYSIS 
The chemical compositions of the pore solution reflect the ongoing processes of cement hydration. 
The ion concentrations over the time can determine which solid phases are stable and may 
precipitate, and which phases are unstable and may dissolve (Vollpracht et al., 2016). The study 
of cement pore solutions, therefore, is necessary to the understanding of the reaction mechanisms 
of the formation of cement hydration products. 
The solution in the pores of the cement pastes can be collected in different methods. A vacuum 
filtration or centrifuge is able to separate the liquid phase during the first hours of hydration 
(Goldschmidt, 1982; Michaux et al., 1989). After hardening, a high pressure device is generally 
required to extract the pore solutions from the pastes prepared with high w/c ratios (Locher et 
al., 1976, 1983; Vernet et al., 1980a, 1980b; Way and Shayan, 1989). Such a high pressure device 
was first introduced by Longuet et al. (1973) to extract pore solutions from hardened cement 
pastes. Numerous studies (Barneyback and Diamond, 1981; Page et al., 1986; Kawamura et al., 
1988; Andersson et al., 1989; Hussain and Al-Gahtani, 1991; Duchesne and Bérubé, 1994; 
Tritthart and Häußler, 2003; Buckley et al., 2007) have successfully applied similar techniques to 
obtain pore solutions of cement pastes with w/c = 0.60 and below.  Chemical compositions of the 
pore solutions can be analyzed by ICP MS or ICP-OES methods which determine elements 
available in the solution and their concentrations. 
Pore solution analysis has been widely applied to study durability of concrete in the literature 
(Hooton et al., 2010). For example, the hydroxyl concentration is directly related to the pH which 
is among the key factors affecting the corrosion of embedded steel reinforcement. Anstice et al. 
(2005) undertook a study to clarify whether accelerated carbonation regimes, required to 
produce carbonated cement paste for laboratory investigations over reasonable time scales, may 
affect pH and the corrosion-related properties of concrete. 
Pore solution expression also allows analysis of the chemical composition at a particular age and 
condition of samples and provides a “snapshot” of existing concentrations at the time (Buckley et 
al., 2007). Accordingly, it is very useful for analysis of particularly important elemental ions such 
as chloride as their high concentrations lead to loss of corrosion protection in embedded steel 
reinforcement (Page and Vennesland, 1983). 
Research on pore solutions of PC incorporating supplementary cementitious materials such as 
silica fume, fly ash, and GGBS have been well studied and published extensively (Diamond, 1981; 
Page and Vennesland, 1983; Larbi et al., 1990; Lorenzo et al., 1996; Rothstein et al., 2002). Hooton 
(2009) showed that the inclusion of SCMs generally lowers the concentration of alkalis and 
hydroxyl in the pore fluid due to the pozzolanic reactions forming secondary C-S-H phases. The 




pH change also depends on the PC replacement level and the type of SCMs. For example, Fly ashes 
unusually high in alkali can increase alkali concentrations in the pore fluid. 
Comparison of ion concentrations of ordinary PC and blended cement has shown the effect of 
SCMs on the alkali-silica reactions (ASR) in concrete (Kawamura and Takemoto, 1986; Nixon et 
al., 1986; Canham et al., 1987). There is a close relationship between ASR expansion and pore 
solution alkalinity. The ability of SCMs to reduce alkalinity in pore solutions to below ASR 
threshold and maintain its depressed levels over time is effective to control the ASR expansion of 
PC concrete (Hooton, 2009). 
While the pore solution of Portland cement systems has been studied quite extensively few 
studies on pore solutions extracted from M-S-H binder systems have been found in the literature. 
The M-S-H binders contain very high contents of alkalis and SCMs, which is similar to blended 
cement to a certain degree. The main reactions of hydrated MgO and reactive silica are comparable 
to pozzolanic reactions in PC and the formation of M-S-H phases may be indicated by the change 
of the alkalinity of the pore solutions. The material source is also reported to be one of the major 
causes for the strength variations of M-S-H binders (Jin et al., 2013). From the effectiveness of the 
pore solution analysis of PC, it can be seen that this method is capable to analyze M-S-H cement 
pastes pore solutions for the understanding of the reaction mechanisms and the effect of material 
sources on the hydration products and durability. 
 RESEARCH GAPS AND DIRECTIONS 
As previously summarized, there is an urgent need to develop new sustainable materials in 
construction and magnesium-based cements have been evaluated by researchers as a potential 
binder to replace PC. Previous studies show that there are two main cement systems using 
reactive magnesium oxide as the main binder constituent: (i) MgO-H2O and MgO-SiO2-H2O (M-S-
H). Research on MgO-H2O systems show that this cement has a relatively low early-age strength 
compared to PC but the strength is approximately the same as a PC at 28 days age. This type of 
binder shows the suitability to develop porous blocks for buildings with low required strengths 
due to the very high porosity requirement of the pastes and mortars to accelerate CO2 penetration. 
The binder is based on carbonation of brucite to form magnesium carbonates to develop strength. 
This type of cement also shows great environmental benefit as it can absorb a large amount of 
carbon dioxide in the carbonation process. However, it appears that this cement may not be 
suitable to develop high strength cementitious materials to compare to PC for a wide range of 
applications in materials and structures. 




The research direction focusing on the formation of M-S-H systems has been initiated in the last 
decades, with the intention of developing construction materials using M-S-H cement. Most of 
previous studies have confirmed M-S-H phases as the main hydration product of reactive MgO and 
amorphous silica in M-S-H binders. So far, there have been a few studies showing the advantages 
of M-S-H binders compared to PC in mechanical properties. Most previous research results have 
been quite inconsistent. Performance of M-S-H binder systems is highly dependent on material 
sources, especially the MgO sources with different levels of reactivity. Some studies also show that 
M-S-H binders require very high water demand for workability. 
Thus, it can be seen that despite its potential benefits, there are still a number of limitations and 
challenges for M-S-H binders to achieve desirable engineering properties. Previous studies have 
not fully studied the properties of M-S-H binders, so a better understanding is in demand for the 
new M-S-H binders to be technically feasible for PC replacement. The key issues in developing M-
S-H binder systems are summarized below but not limited to: 
(1) There have been very limited studies on the workability of M-S-H binder systems, particularly 
the use of polymer-based super-plasticizers. This type of super-plasticizer has been used widely 
as a high range water reducer for ultra-high performance concrete using PC and could be 
effectively reduce water demand for M-S-H binders. The selection and experiments of the effect of 
different superplasticiers are among the key factors to improve strength and durability of M-S-H 
binder systems due to the inclusion of large amounts of very fine particles of reactive MgO and 
silica. 
(2) There is still a lack of studies on the performance of M-S-H binders with various amorphous 
silica sources. Most of previous studies used highly reactive silica fume in MgO-SiO2 mixtures. The 
effect of MgO sources has been mentioned, however it should be noted that reactivity of silica 
fume is also crucial to the formation of the hydration products. In addition, silica fume is a high 
cost material while other silica sources such as natural silica, fly ash or agricultural waste material 
(rice husk ash) should be studied for the ability to combine with reactive MgO. It is necessary to 
evaluate the strength and microstructure of M-S-H binders with different silica sources to improve 
the properties and reduce material costs. 
(3) Previous studies have mentioned M-S-H as a low-pH binder and have benefits on the 
immobilization of problematic nuclear wastes. However, the effect of different silica sources on 
pH has not been studied. So far, there has not been any experimental work extracting pore 
solutions from hardened M-S-H cement pastes or mortars, so the previous studies on pH 
development did not reflect the actual pHs of M-S-H pore solutions in the real samples. In addition, 
no studies on ion concentrations of the pore solutions of M-S-H samples have found. The chemical 




composition of the pore solutions is useful for the understanding of reaction mechanisms and 
hydration products, the solubility of binder constituents, and the hydration process. Pore 
solutions analysis also indicates the durability of the material over the time. 
(4) Most of previous studies focused on mechanical properties and microstructure of M-S-H 
samples at early age to 90 days, however, the understanding of the long-term properties are more 
important to the durability of the new binders. Currently, the lack of studies on long-term 
properties of M-S-H binders is still a limitation for the use of the new binders in practice. 
Experimental work on strength development, microstructures or hydration process in the long-
term (at least up to 6 months or 1 year) should be performed to characterize the durability of M-
S-H binder systems. 
(5) Curing regime has a decisive role on the strength development and durability of concrete. For 
PC, numerous studies on different curing regimes have been performed, however, such studies on 
M-S-H binders are scarce in the literature. Water-curing at room temperature is the most common 
curing regime which was applied to M-S-H binders and no optimal curing condition has been 
suggested. It is known that factors such as heated treatment and moisture conditions have crucial 
impact on the strength development and microstructure of cementitious materials. In addition, 
M-S-H binders are found to be highly dependent on material sources and therefore research on 
curing effect is necessary to the understanding of whether this new binder is sensitive to the 
variation of the curing conditions. 
(6) Binary systems of MgO-SiO2 have shown some limitations such as high water demand for 
workability and low strengths compared to PC. Nonetheless there is very limited research on 
ternary systems incorporating fillers to improve properties of fresh and hardened cement pastes, 
mortars and concrete. In the meanwhile, quartz fillers are widely used in high performance and 
ultra-high performance concrete to improve microstructure and increase strengths. Studies of 
multi-component systems are required to explore potential benefits of fillers in M-S-H binder 
systems. 
(7) The past research on M-S-H binders only focuses on testing cement pastes and mortars. So far, 
little research has been carried out on M-S-H concrete samples for the practical purpose of PC 
replacement in construction applications. The effect of coarse aggregates on the properties of 
concrete has not been studied. For structural materials, properties other than compressive 
strength such as tensile strength, elastic modulus and durability properties are also important and 
the lack of studies on these properties has limited the use of M-S-H binders in current practice. 




This thesis focuses on developing M-S-H binder systems using reactive MgO and amorphous silica. 
The research topics include the key characteristics of cement such as workability, mechanical 
properties, microstructure, long-term durability, and effects of other factors such as curing 
conditions, sources of materials and fillers. Potential use of M-S-H binders in large scale is 
evaluated by producing and testing M-S-H concrete samples. The study will attempt to analyze the 
current research gaps and limitations as mentioned above to develop M-S-H binder systems for a 
wide range of applications in the future. The next chapters will present the experimental results 
and findings of the thesis. 
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3. CHAPTER 3                                                                              
MATERIALS CHARACTERIZATION AND TESTING METHODS 
 
Preamble 
This chapter outlines the characteristics of materials and experimental methods used in the 
research project. The materials characterization includes chemical composition, morphology 
properties such as particle size distribution, particle shape and texture. The crystal or amorphous 
structures of materials are also investigated. It is known that material characteristics are directly 
related to the material reactivity, which will influence the reaction rate to form the binding phases 
of cement. The particle size, shape, texture and porosity also play important roles in fresh 
properties of concrete such as water demand, flowability, and viscosity. Achieving good 
workability with low mixing water content is desirable for cementitious materials to achieve high 
strength and durability. 
The experimental results such as physical and chemical properties of the raw materials alongside 
the mechanical and durability properties are highly dependent on the testing methods. In this 
study, the experimental methods used to analyze the materials either complied with the current 
standards or where suitable standards were not available the tests were based on widely accepted 
non-standard techniques considered reliable in studies of cementitious materials. 
 MATERIAL SOURCES AND PROPERTIES 
 Binder constituents 
Reactive MgO 
M-S-H binder systems generally consist of reactive magnesium oxide and amorphous silica. 
Reactive MgO, obtained from magnesium carbonate, is calcined at temperatures of 700-1000 oC, 
which is very different from other two groups of MgO including hard-burned MgO (calcined at 
1000-1400oC) and dead-burned MgO (calcined at 1400-2000oC). It is known that calcining 
temperatures have a large influence on the hydration of MgO (Fang, 2004; Aphane, 2009). The low 
calcination temperatures result in an amorphous microstructure and thus lead to the high 
reactivity of the light-burned MgO which is suitable for developing M-S-H cement. An increase of 
calcination temperature generally increases crystallinity and decreases the reactivity of MgO, 




which might be detrimental to M-S-H binders as the large volume expansion often occurs at late 
ages. 
The effect of different sources of MgO on the M-S-H binders has been reported in the literature 
(Jin et al., 2013). Therefore, only one source of light burnt magnesium oxide, calcined at 
temperatures of approximately 700oC was selected for this study. The highly reactive MgO was 
provided by Calix (Australia) with a particle size d50=9µm. 
Amorphous silica 
Amorphous silica has been widely used as supplementary cementitious materials (SCMs) to 
improve mechanical and durability properties of the PC concrete. Replacement of PC with a source 
of SCMs generally results in the generation the additional binding phase C-S-H and an increases 
strength. The effects of SCMs depend on the type and amount of silica in the mix. Although silica 
fume and fly ash are among the most commonly used SCMs, other sources of silica such as natural 
pozzolan or agricultural waste (eg. rice husk ash) are increasingly used for similar purposes to 
develop sustainable building materials. 
Numerous studies on the effect of SCMs in PC concrete have been found in the literature but few 
experiments have been carried out with M-S-H binders. For this reason, four sources of reactive 
silica were sought to compare their cementitious properties in M-S-H binders. Chemical 
compositions of the materials are presented in Table 3.1. 
• Silica fume (SF) was supplied by SIKA NZ. The material (commercial name is SIKAFUME) 
is in condensed form including agglomerates of particle size d50=100µm although the 
individual silica fume particles have particle size d50=0.1 µm. 
• Microsilica 600 (MS), a natural amorphous silica source, was quarried from a local site in 
New Zealand and marketed by Microsilica New Zealand Ltd (2017). 
• Rice husk ash (RHA) is a source of highly reactive silica produced from raw rice husk, an 
agricultural by-product. The husk is converted into ash during a controlled firing process 
under the optimal temperature of 600-700oC (Chandra, 1996). The selected RHA, which 
was supplied by Guru Metachem (India), contains > 90 % amorphous silica. 
• Fly ash (type F), supplied by a specialist merchant in New Zealand, was used to examine 
the effect of silica reactivity to cementing properties of M-S-H binders. 
 Aggregate 
Aggregates were sourced locally. River sand (max particle size of 4.75 mm, finess modulus (FM) = 
2.33) which is primarily siliceous in nature was prepared to meet the requirements of ASTM C33. 




The sand used for mortar mixtures was sieved to a maximum particle size of 2.36 mm. Smooth 
and rounded stone used for concrete has maximum aggregate size of 16 mm. 
Quartz sand (S) is used as aggregates for high strength mortar mixtures. Quartz filler (QF) is 
ground quartz sand using a ring mill to achieve desired particle size. 
 Portland cement 
Control samples were prepared with a general purpose Portland cement provided by Holcim New 
Zealand. 
 Superplasticizer 
As one of the most significant disadvantages of M-S-H binders using silica fume was the very poor 
workability due to the inclusion of high silica fume content, most previous studies of M-S-H 
binders used high w/c ratios of 0.50 or above even with the presence of superplasticizers (Wei et 
al., 2006l Jin and Al-Tabbaa, 2014; Walling et al., 2015). In this study, Viscocrete-5-555, a third-
generation polymer-based superplasticizer supplied by Sika (New Zealand) was used and 
provided extremely high water reduction for M-S-H binder systems. Workable mixtures were 
achieved with w/c as low as 0.40. 
 Particle size distribution 
Particle sizes of the binder constituents, PC and quartz filler were determined by LA-950 Laser 
diffraction analyzer. In addition, a scanning electron microscope (SEM) was used to determine 
individual silica fume particle sizes. A sieving method was used to obtain particle sizes for normal 
sand and coarse aggregates. 
Particle size distributions of binder constituents (MgO and SCMs) are shown in Figure 3.1. Silica 
fume is an ultrafine material. Observation by SEM shows that conglomerates of condensed silica 
fume actually contain individual spherical particles having particle sizes of <0.1µm-5 µm. MS is 
natural pozzolan ground to high fineness to increase reactivity with particle sizes in the range of 
0.4-75 µm. FA and RHA have larger particle sizes than MgO, SF and MS. Therefore, FA generally 
has lower activity than SF and MS. RHA had larger particle size than SF and MS, however, the 
reactivity of RHA is controlled by its microstructure which is very porous as shown in the SEM 
images. The activity of rice husk ash will be studied through experimental programmes. 
  





Table 3.1. Chemical compositions of MgO and silica sources 
 
Sample 
SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 LOI SO3 Total 
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) 
M (MgO) 11.36 0.02 0.57 0.33 0.02 71.67 4.06 0.13 0.13 0.02 11.67 - 99.98 
SF (Silica fume) 88.18 <0.01 0.62 1.39 0.14 3.28 0.93 0.85 2.67 0.22 1.66 - 99.92 
MS (Microsilica) 85.14 0.95 6.31 0.41 0.01 <0.05 0.13 0.29 0.77 0.07 3.96 - 98.04 
FA 49.87 1.04 21.88 7.78 0.06 2.54 8.91 0.50 1.20 0.20 3.31 1.50 98.79 
RHA 92.62 0.05 0.61 0.31 0.02 0.19 0.41 0.33 0.90 - 3.46 - 98.90 





Figure 3.1. Particle size distributions of MgO and SCMs 
 
Figure 3.2. Particle size distributions of PC, filler and aggregates 
Figure 3.2 shows the particle sizes of PC, crushed quartz fillers and aggregates. It can be seen that 
the particle size of the PC is somewhat larger than MgO, SF and MS. The M-S-H binder contains 
high amounts of MgO and SF/MS and the fineness of those main binder constituents greatly 
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of crushed quartz fillers was used to reduce the water demand and improving workability caused 
by microfine particles of M-S-H binders. Quartz sand was ground to the high fineness with ring 
mill equipment. The particle size of crushed quartz fillers was close to PC.  
 Morphology and texture 
SEM was used to examine morphology (particle size, shape and texture) of the raw materials 
which is expected to have a significant influence on the fresh properties (workability) and the 
packing density of the resulting cementitious materials. Figure 3.3 – 3.8 present the SEM images 
of the raw materials. 
Morphology of MgO shows angular particle shape and rough surface. The different silica sources 
had very different characteristics of particle size, shape and texture. Silica fume with its ultrafine 
particle size may increase the amount of mixing water when used with significant quantities. MS 
includes very fine particles without roundness, so it is necessary to consider the adverse effect on 
workability. SEM images of RHA present large pores in the microstructure. The high specific 
surface area resulted from this very high porosity might increase reactivity but also potentially 
requires high water demand. As for fly ash, it can be seen that the coarse particle size and 
roundness are desirable for workability, however, the large particle size can reduce the reactivity. 
  
                                 (a): x500                                                                              (b): x5000 
Figure 3.3. SEM images of reactive MgO 
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                                (a): x500                                                                 (b): x20000 
Figure 3.5. SEM images of reactive MS 
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                             (a): x500                                                                        (b): x5000 
Figure 3.7. SEM images of reactive FA 
 





                              (a): x500                                                                      (b): x5000 
Figure 3.8. SEM images of quartz filler (QF) 
 XRD spectra 
The XRD analysis uses a Philips PW1729 X-ray diffractometer (Cu, 50 kV/40 mA) with a 3 to 70o 
2θ scan range to characterize XRD spectra of the raw materials. XRD method is useful to determine 
the chemical composition of the material sources.  
Figure 3.9 presents the XRD spectrum of reactive MgO used in this study. The reactive magnesia 
has three XRD peaks at 2θ ~37°, 43° and ~62°, however, it also contains a considerable amount of 
impurities including quartz and calcite. 
 


















Figure 3.10 – 3.13 show XRD spectra of four silica sources including SF, MS, RHA and FA. It is 
known that amorphous silica is characterized by a broad peak at 2θ ~21° (Brew and Glasser, 2005; 
Ono and Wada, 2007) and all silica sources show this feature, which indicates the potential use of these 
materials to develop M-S-H binders. Nonetheless, the intensities of the peaks are very different for each 
silica source. The high quality amorphous structure of SF and RHA can be seen by the significant broad 
peaks of non-crystalline silica. MS is less pure than SF with respect to amorphous silica content, 
showing other peaks of impurities including crystalline silica with XRD peaks at 2θ ~ 21o, 27o and 
30o. FA has expected to have a lower reactivity compared to other silica sources due to the low 
intensity of the peak of amorphous silica. The XRD of FA has shown the peaks of other impurity 
elements which account for a considerable proportion of the material, including: aluminum oxide, 
ferrous oxide, calcium oxide and quartz. The inclusion of a high content of impurities is expected 
to have a major influence on the reaction rate of MgO and FA and the quantity of resulting binding 
























Figure 3.11. XRD spectra of the raw materials (MS) 
 
Figure 3.12. XRD spectra of the raw materials (RHA) 
 












































 TESTING METHODS 
 Flow test 
The flow test measures the spread of a mixture by determining the mean diameter of a test sample 
compared to the original size of the mixture in the cone. The spread of the mix is an indication of 
the plasticity of the mixture which will affect the workability and rheology behavior of the 
mixture. 
The flow test is performed following ASTM C1437 testing method. Fresh M-S-H paste/mortar is 
placed in the standard mold (50 mm in height, 70 mm internal top diameter, 100 mm internal 
base diameter) in two layers where each 25mm layer being tamped 20 times with the tamper. The 
mould is held firmly in place during this operation. The excess mortar is removed from the top of 
the mould with the trowel by a sawing motion to keep the top surface leveled. Wipe the table top 
and the area around the base of the mould clean. The mold is lifted up slowly away from the 
paste/mortar within 1 minute after completing the mixing operation and the table is immediately 
jolted 25 times in 15 s. Flow value of the M-S-H mixture is the increase in average base diameter 
of the mixture, expressed by percentage of the original base diameter. The measured value 
(in/mm) can be used as an alternative where necessary.  
The main apparatus includes flow table, flow mold conforming to the requirements of ASTM C 
230. 
 
Figure 3.14. Apparatus for flow test of cement paste/mortar 




 Compressive strength test 
Cement paste and mortars 
The compressive strengths of cement paste and mortar are determined following the procedure 
specified in ASTM C109 designation using 2-in. (50mm) cube specimens, except that the mix 
proportions, water content and curing regimes are modified for different testing purposes. 
The paste/mortar mixtures were mixed with an electrically driven Hobart mixer. Within 2 min 
and 30 s after completing mixing operation, the paste/mortar is placed in the molds. The mortar 
is filled in two layers of 25mm each and tamped for 32 times in 10 s in 4 rounds on the operating 
vibration table. After filling and tamping the molds were vibrated for 2 min to remove air bubbles. 
Immediately upon completion of molding, the specimens were stored in a moist chamber for 24 
hours – 72 hours before demolding for different curing regimes until tested. 
Three specimens from a batch of mortar are made for each test age. The cubes are tested with a 
compressive testing machine in which the load is applied to a face against the steel face of the 
mould. The loading capacity is 3000 kN and the loading rate is applied at 1-2 kN/s until failure 
within a time period of thirty to ninety seconds. The compressive strength is recorded to the 
nearest 1.0 N and the mean result reported to the nearest 0.1 N/mm2 by the following formula: 
A
Pfm =  
where: 
fm = compressive strength in MPa 
P = total maximum load in N 
A = area of loaded surface in mm2 
 
Figure 3.15. Compressive test machine (Servo Plus Evolution Model) 




Cylindrical concrete specimens 
A Standard Test Method for Compressive Strength of Cylindrical Concrete Specimens is performed 
as per ASTM C39. The axial compressive load is applied to the cylindrical specimen until rupture 
occurs. The compressive strength is calculated by dividing the maximum load by the cross-section 
area: 
A
PS =  
S = compressive strength, MPa 
P = total maximum load, N, and 
A= cross-section area, mm2 
The testing machine has loading capacity of 3000 kN, loading rate is set at 2-3kN/s. 
 Split tensile test 
Due to the complication of direct tensile strength test, the split tensile test was performed instead. 
The split tensile strength testing procedure was performed in accordance with the ASTM standard 
C496. Cylindrical concrete specimens are used for the test. The nominal diameter and length of 
the specimens are 100mm x 200mm. During the test, a diametral compressive force is applied 
along the length of the specimen until failure occurs. Two thin, plywood bearing strips are placed 
between the specimen and both the upper and lower bearing blocks of the testing machine to 
distribute the compressive load applied along the length of the cylinder.  
 
Figure 3.16. Test setup for split tensile strength 




The maximum load at failure of the sample is recorded to calculate the split tensile strength. The 
tensile stress which is acting in a direction perpendicular to the line of applied loading is given by 







T = splitting tensile strength, MPa 
P = maximum applied load indicated by the testing machine, N 
l = length, mm, and 
d = diameter, mm. 
 Static Modulus of Elasticity  
The static modulus of elasticity (MOE) of the M-S-H concrete specimens is determined using ASTM 
C469 test procedure with 100 mm x 200 mm (4 in. x 8 in.) cylindrical specimens. 
Prior to performing the test, companion cylinder specimens were used to determine the 
compressive strength of the concrete according to the ASTM C39 test method. Subsequently, 
cylindrical specimens were instrumented to measure the static elastic modulus by the indicated 
stress and strain calculated from recorded load and deformation. 
A compressometer was used for determining the modulus of elasticity using an unbonded sensing 
device that measures to the nearest 5 millionths the average deformation. The specimen, with the 
strain-measuring equipment attached, is then placed on the lower platen or bearing block of the 
testing machine. The applied loads and longitudinal strains at specified points was recorded 
without interruption of loading until the applied load was equal to 40 % of the ultimate load. The 
longitudinal strain is defined as the total longitudinal deformation divided by the effective gauge 
length. 





Figure 3.17. Test setup for static modulus of elasticity 
The modulus of elasticity is calculated to the nearest 200 MPa as follows: 
( ) ( )000050.0/ 212 −−= εSSE  
In which: 
E = chord modulus of elasticity, MPa 
S2 = stress corresponding to 40 % of ultimate load, 
S1 = stress corresponding to a longitudinal strain, ε1, of 50 millionths, MPa, and 
ε2 = longitudinal strain produced by stress S2. 
 Oxygen Permeability 
The Oxygen Permeability Test was performed to the ease with which a gas (oxygen) can penetrate 
through the concrete. The Oxygen Permeability Index (OPI), determined from the test data, is 
related to the durability of the testing concrete. 
The test used a falling head permeameter to apply an initial pressure to a concrete sample in which 
the pressure was allowed to decay as permeation proceeds. The faster reduction rate of pressure 
indicates the more gas (oxygen) permeability and possibly less durability of the concrete. 
Each test procedure required preparation of 4 specimens at the age of 28 days in which each 
specimen consisted of a 100 mm diameter concrete disc with a thickness of 30± 2 mm. The sample 
was inserted in a compressible rubber collar, placed in the upper cell and then compressed so that 




no gaps should be visible between the sides of the test specimen and the collar. The initial pressure 
was set as 100 kPa and the permeability test was terminated as the pressure reduced to 50 kPa 
or after 6 hours. 
 
Figure 3.18. Permeability cell arrangement (Alexander, 1999) 
The calculation of OPIs requires determining pressure decay curve which is plotted in the form of 
the logarithm of ratios of pressure over the time. The first step is to determine the D’arcy 









k = coefficient of permeability of test specimen (m/s) 
ω = molecular mass of oxygen = 32 g/mol 
V = volume of oxygen under pressure in permeameter (m3) 
g = acceleration due to gravity (9.81 m/s2) 
R = universal gas constant = (8.313 Nm/K mol) 
d = average specimen thickness (m) to the nearest 0.02 mm 
A is the cross sectional area of the specimen, in square meters 




θ= absolute temperature (K) 
The oxygen permeability index (OPI) is taken as the negative log of the average of the coefficients 
of permeability of the tested specimens, which is determined by the following equation: 
OPI = - log10 [¼ (k1+k2+k3+k4)] 
The calculated OPI can be used as an indicator of the durability of the concrete, based on the 
classification shown in Table 3.2.  
Table 3.2. Suggested ranges for durability classification using index values (Alexander et al., 1999) 
Durability Class OPI (log scale) 
Excellent >10 
Good 9.5 - 10 
Poor 9.0 -  9.5 
Very poor < 9.0 
Examples of OPI of PC concrete are shown in figure 3.19 to illustrate the effects of curing 
conditions on the durability of the PC concrete. The wet curing in conventional Portland cement 
concrete enhances the hydration process to facilitate the formation of binding phases and 
improves the microstructure of cement pastes, as opposed to the effect of dry curing regime. 
Accordingly, the wet-cured samples have a denser microstructure and low coefficient of 
permeability represented by higher OPI index of 10.15. On the other hand, a porous 
microstructure results in higher coefficient of permeability or lower OPI index of 9.50.       
 
Figure 3.19. OPI of PC concrete at different curing conditions (Alexander et al., 1999). 





 Resistivity Test 
The resistivity test provides a rapid indication of the likely penetration of chloride ions and 
reinforcing corrosion resistance of concrete. This test is faster to run compared to the Rapid 
Chloride Ion Permeation Test (RCPT) as specified in ASTM C1202 however it also presents high 
correlation with RCPT (Gudimettla and Crawford, 2015). A linear relationship between concrete 
electrical conductivity and corrosion rate has been found in previous studies (Bertolini 1997, 
Carino 1999, Alonso 1988, Andrade 1996, Gulikers 2005). The resistivity test is used to evaluate 
the electrical resistivity of M-S-H samples from the early age of 7 days to a long-term curing 
duration up to 365 days. 
The resistivity test reused the same samples tested for oxygen permeability. After re-drying to a 
constant mass the samples were soaked in 3.5% NaCl solution in 22 h until saturated, the 
resistivity was measured from the applied voltage and corresponding current across the sample: 
( ) ( )dAIVR ×=   (kOhm.cm) 
V = applied voltage (mV) 
I = current at 1 min (µA) 
A = cross sectional area of the specimen (cm2) 
d = average specimen thickness (cm) 
 
Figure 3.20. Resistivity test arrangement (Tarig, 2016)  
 





Porosity presented by percent voids in hardened cementitious materials was determined as per 
ASTM C 642 with some modifications. The sizes of test specimens are 50x50x50mm (paste and 
mortar) and 100x100x100mm (concrete). The calculation of porosity requires the determination 
of oven-dry mass, saturated mass and apparent mass submerged in water. Instead of submerging 
specimens in boiling water as specified in ASTM C642, vacuum pressure was applied to remove 
the entrapped air in the oven-dried samples before saturating samples in water at approximately 
21oC. The porosity was calculated as the volume of permeable pore space voids: 
P(% )= (C – A) )/(C – D)x100 
where: 
A = mass of oven-dried sample in air, g 
C = mass of surface-dry sample in the air after vacuum pressure application and immersion, g 
D = apparent mass of sample in water after vacuum pressure application and immersion, g 
 SEM analysis 
The Scanning Electron Microscope (SEM) has been utilized extensively in material engineering for 
analysis of particle size, shape, texture (morphology), and material composition. An SEM is consist 
of an electric gun to produce electron beams, a system of lens, specimen stage, secondary electron 
detector and a display unit as described in figure 3.21.  
The operation principle of SEM is the irradiation of specimens with a fine electron beam (electron 
probe) from an electric gun. The electron probe is adjusted and focused by a system of condenser 
and objective lens before reaching the specimen. As scanned with the electron probe, secondary 
electrons are emitted from the specimen surface. The secondary electrons are detected and 
analyzed by a secondary electron detector. The detector comprises of a collector and scintillator 
applied with a high voltage to attract secondary electron to general light and convert the light into 
electrons through a photo-multiplier tube (PMT) before amplifying these electrons to electric 
signals to produce SEM images (figure 3.22). The resolution of the SEM is dependent on the size 
of the electron beam convergence and the interaction between surface materials and electrons. 
 





Figure 3.21. Construction of an SEM (JEOL, 2015) 
 
Figure 3.22. Secondary electron detector (JEOL, 2015) 
 
A high resolution Scanning Electron Microscope equipment model JEOL JSM 7000F was used in 
the study to analyze topography of the materials (figure 3.23). The EDS function of the equipment 
allows detecting and quantifying compositions of the hydration products of the M-S-H 
cementitious materials.    







Figure 3.23. SEM equipment (JEOL) at University of Canterbury 
 XRD analysis 
XRD provides information on interatomic distances, bond angles and the main use of this method 
is to identify chemical composition in a specimen by a search/match procedure. When X-rays 
interact with a crystalline substance, the diffraction pattern of the substance is obtained and by 
comparing the powder diffraction to the standard data, the composition in a testing sample can 
be identified. 
XRD equipment was used to identify the chemical composition of M-S-H pastes. The X-ray 
production uses Cu target metal, wavelength λ (Cu kα) = 1.54 Å and the angle increases from 10-




Peak positions related to d-spacings and lattice parameters characterize the phases in M-S-H 
hydration products. Also, each component in the sample is quantified by the relation to the areas 
under the peaks of each phase plotted in the XRD diffraction spectra. The development of 
hydration products was monitored by XRD using a Philips PW1729 X-ray diffractometer (Cu, 50 
kV/40 mA) with a 3 to 70o 2θ scan range. 




 Pore solution analysis 
The pore solution expression technique was first introduced by Longuet et al. (1973) using 
mechanical pressure to extract pore solution from cementitious materials (figure 3.26). The 
method has since been applied to study compositions of the pore solutions for specific ions to 
understand the hydration processes and durability of Portland cement pastes, mortars and 
blended cement. 
A pore press apparatus (PPA) was produced as shown in figure 3.27. The equipment consists of a 
die body of two concentric thick-walled steel cylinders close fit together. The die body rests on a 
steel base in which both components were ground to be exactly on a level plane to allow even 
pressure transfer across the body of the equipment. The test sample was placed inside the inner 
cylinder and a polymer disk was placed on top of the sample followed by a steel piston to which 
compressive load was applied. The load was increased gradually to extract pore solution which 
was drained and collected via a groove ring in the base. 
 
 
Figure 3.24. Schematic design of pore press expression apparatus                                         
(Barneyback and Diamond, 1981) 
 





Figure 3.25. Pore press apparatus set up 
Each sample was placed in the pore solution expression apparatus and loaded to 400 MPa at a 
rate of 0.25 MPa/s (taking about 25 min) and then held at this pressure for 30 seconds. The total 
volume of expressed pore solution was recorded and pH was measured within 1 h of collection 
using a digital pH meter (Figure 3.28). The collected pore solution was sealed in a container to 
prevent reaction with atmospheric carbon dioxide and stored under -18oC temperature prior to 
analysis. ICP-MS method was used to analyze the ion concentrations of the solutions with a 
dilution factor between 500-2000 due to the detection limit of the analytical method. 
 
 
Figure 3.26. pH meter  





Each MgO and amorphous silica source used for M-S-H binders had distinct physical and chemical 
properties. The material sources influence both fresh and hardened characteristics of the cement 
paste, mortar and concrete and will lead to very different material properties of the resulting 
binders such as reaction mechanism, strength and microstructure. 
For M-S-H binders, MgO and silica are the main constituents accounting for 40-60% of the binder 
compositions and therefore the material sources will have significant impact on the formation of 
binding phases. Different characteristics of the raw materials including chemical composition, 
particle size, shape, texture and porosity play a key role in the variability of M-S-H binders. Results 
of experimental programmes are presented in the next chapters to discuss these effects of 
materials on the properties of M-S-H binder systems. 
Experimental methods are of utmost importance to obtain accurate results of the physical and 
chemical properties of testing materials. A number of different experimental methods were used 
to provide comprehensive results on the material properties. The combination of various testing 
methods and equipment such as Lazer diffraction, SEM, XRD was able to provide accurate results 
on the chemical composition, microstructure and morphology images of ultrafine materials used 
in this study. Standard testing methods were used to determine mechanical properties of 
materials such as compressive strength, tensile strengths and elastic modulus. Some non-
standard testing methods such as oxygen permeability test, pore solution extraction and ion 
concentrations analysis allow analyzing important durability properties such as pH development 
and identifying chemical reactions mechanism for studying and developing M-S-H binder systems. 
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4. CHAPTER 4                                                                             
HYDRATION PRODUCTS AND MICROSTRUCTURE OF 
MAGNESIUM SILICATE HYDRATE BINDER SYSTEMS 
Preamble 
It's understood that the microstructure and reaction mechanisms of cement have a strong 
influence on the mechanical properties and durability of the resulting cementitious materials. The 
formation and strength of the hydration products, as well as the hydration rate, are decisive 
factors affecting strength development over the time. For M-S-H binders, previous studies also 
showed the influence of material sources on strength and durability. Chapter 3 outlined the 
material properties where significant differences were observed with different silica sources in 
terms of chemical composition, particles size distribution, and textures. It is expected that those 
properties may result in a variation of properties of M-S-H binders including microstructure, 
strength, workability, and durability. The study of microstructures of M-S-H cement pastes 
prepared with different materials is therefore of utmost importance to characterize the hydration 
process, which is directly related to the strength development and durability of the binders. This 
chapter proposed an experimental programme on the investigation of the microstructures of M-
S-H cement pastes samples over 365 days curing period. The results provided a thorough 
understanding of the formation of hydration products. Effects of MgO/SiO2 ratio were discussed 
in search of the optimal binder composition for the formation of M-S-H binding phases. Other 
effects of the chemical composition and morphology of each silica were also discussed where the 
pros and cons of each silica sources were compared. 
Abstract 
The magnesium silicate hydrate (M-S-H) binding phases were formed readily in mixtures of reactive 
MgO and amorphous silica at low water content (w/c=0.40). XRD results showed that the hydration 
products after 1 day mainly include brucite while M-S-H phases are observed at 7 days and longer 
curing periods. At low MgO/SiO2 ratio of 40/60 by mass (Mg/Si=1.0), MgO is completely hydrated 
and reacts with amorphous silica to form M-S-H gel over 365 days. The increase in MgO/SiO2 ratio 
to 50/50 and 60/40 results in residual brucite in MgO-SiO2 mixtures at all testing ages. The silica 
source and MgO/SiO2 ratios were found to significantly affect the microstructure and hydration 
products of M-S-H systems. Supplementary cementitious materials such as silica fume, natural 
pozzolan and rice husk ask are highly reactive and react with hydrated MgO while the formation of 
M-S-H phases is not observed with fly ash due to its low reactivity compared to other sources of silica. 





Research on magnesium silicate hydrate binder systems as an alternative to Portland cement (PC) 
has significantly increased in the last decade since its cementitious properties have been reported 
(Wei et al., 2006). The production of M-S-H binder has potential benefits to the environment due 
to the low calcination temperature coupled with the incorporation of industrial by-products and 
suitable applications to heavy-metal-containing waste encapsulation (Zhang et al., 2009, 2011). 
Hence, the development of M-S-H binder systems for sustainable cementitious materials will 
become feasible if mechanical properties and microstructure of these binder systems are well 
studied and reported. 
The constituents of M-S-H binder systems include reactive magnesium oxide and amorphous 
silica. The reactive magnesium oxide is traditionally produced from magnesite by decarbonation 
reactions at a low temperature of 650-750ºC (Tececo, 2017), hence it may require significantly 
less energy to produce than PC. A potential technology, which is claimed to have neutral or even 
negative CO2 emissions, to produce MgO from abundant sources of about 10,000 billion tons of 
magnesium silicates in the earth’s mantle is being developed by Novacem (Deolalkar, 2016). 
Magnesium carbonate will be converted from magnesium silicates under elevated temperatures 
(180 °C) and 150 bar pressure and then calcined at low temperatures of 700 °C to produce reactive 
MgO (Deolalkar, 2016 ). Silica fume has been used in M-S-H systems in most of the previous 
studies. However, other sources of amorphous silica such as natural pozzolans, rice husk ash, and 
fly ash can be potential alternatives.     
The formation and microstructure of MgO-SiO2-H2O system have been investigated for decades 
since its appearance was discovered in the 1950s from the deterioration in a concrete sea wall by 
sulphate attack (Cole, 1953). A considerable divergence of M-S-H compositions exists in the 
literature. Factors including the reactivity and purity of light burnt MgO sources, Mg/Si mixing 
ratio and hydrothermal treatment conditions all play an important role in the composition of 
resultant M-S-H gel phases and crystallinity. In the natural deterioration of concrete in Mg-
containing ground water, the decomposition of C-S-H gel resulted in the formation of M-S-H gel 
having Mg/Si molar ratio in a range of 1.0 – 2.0 (Bonen and Cohen, 1992; Bonen, 1992) or even as 
high as 4.0 (Cole, 1953). The M-S-H formed in sulphate attack of ordinary Portland cement was 
reported to have a cryptocrystalline form of serpentine (C3S2H2) (Gollop and Taylor, 1992). 
The microstructure and composition of synthesis M-S-H phases also have been studied 
extensively in the literature. The pozzolanic reaction between reactive magnesia and amorphous 
silica to form M-S-H gel should not be confused with reactions in MgO-based cement in which 




hydrated MgO sequestrates CO2 to produce magnesium carbonate to gain strength. At room 
temperatures, the low crystallinity M-S-H gel was formed readily even in short curing duration of 
24h from sodium metasilicate and magnesium nitrate solutions at 25oC (Brew and Glasser, 2005) 
or from highly reactive MgO and reagent grade silica fume (Tonelli et al., 2006). The compositions 
of M-S-H phases formed at room temperatures have Mg/Si molar ratios in between 0.67 and 1.50 
with structures resembling magnesium phyllosilicates such as talc or chrysotile (Lothenbach et 
al., 2015; Li et al., 2014; Roosz et al., 2015; Ono and Wada, 2007; Nied et al., 2016). In other cases, 
there has been a number of studies on the effect of hydrothermal conditions and pressure on 
synthesized magnesium silicate hydrates. Heated treatment facilitates the formation of M-S-H 
with improved crystallinity compared to reactions at room temperature (Kalousek and Mui, 1954; 
Yang, 1960; Mitsuda and Taguchi, 1977; Wei et al., 2011). For example, an M-S-H gel was formed 
from a mixture of Mg(OH)2 and silicic acid (M/Si ratio = 1.0) after only 24h at 80oC (Temuujin,, 
1998a). The MgO-SiO2 mixtures prepared at elevated temperature (50oC) for 3 months obtained 
similar results as the same mixtures cured at 20oC for 1 year (Nied et al., 2016). The M-S-H phases 
formed by heated treatment have compositions close to talc ((Mg3(Si4O10)(OH)2), or serpentine 
(M3S2H2) with poorly crystalline layer structures (Mitsuda and Taguchi, 1977; Mitsuda, 1973; 
Speakman and Majumdar, 1974). At high temperature and pressure, the Mg/Si molar ratios 
occasionally increased to higher than 1.50 and close to 2.0 resembling the chemical composition 
of forsterite (Wei et al., 2011; Yamamoto and Akimoto, 1974). 
Traditionally, hydration products of MgO-SiO2 mixtures including brucite and M-S-H phases were 
considered to have little cementitious property as the formation of M-S-H mainly related to the 
concrete deterioration by sulphate attack in sea water. However, differing from a slow mechanism 
of sulphate attack or the reaction of hard burned MgO (impurities in the Portland cement) with 
silica, the hydration of reactive MgO in M-S-H systems is rapid so as not to cause significant 
expansion and cracking which might reduce strength. One of the first studies on cementing 
properties of M-S-H systems was published in 2006 in which M-S-H mortars obtained strengths 
of over 50MPa (Wei et al., 2006). However, due to the very high water demand of the raw 
materials, other studies reported fairly low strengths of M-S-H mixtures (Jin and Al-Tabbaa, 2014; 
Walling et al., 2015). Using sodium hexametaphosphate superplasticizer, a few studies have 
reported 28 days strength of over 60 MPa (Zhang et al., 2012a, 2012b, 2014; Marmol et al., 2016). 
The incorporation of crushed quartz into MgO-SiO2 systems has increased strength to over 85 MPa 
(Tran and Scott, 2017). 
Despite numerous studies on microstructure and strength of M-S-H, none of those has reported 
characterizations of the M-S-H systems prepared at low w/c and cured at ambient temperatures 




and low humidity. Although the significant dependence of the properties of MgO-based binders 
on MgO sources has been well-studied (Jin and Al-Tabbaa, 2014; Jin et al., 2015), the effect of 
various amorphous silica sources has received relatively little attention. Therefore, the objectives 
of this chapter are to study the formation and microstructure of M-S-H systems at low w/c ratio 
of 0.40 and to compare four silica sources at different MgO/SiO2 ratios. The experimental result is 
aimed at providing a greater understanding of M-S-H systems as potential construction materials 
for the widespread application of M-S-H systems in the future. 
 EXPERIMENTAL PROGRAMME 
 Materials 
Binder constituents contain magnesium oxide and different sources of silica. Details of material 
properties are described in Chapter 3. 
 Sample preparation and testing methods 
Binder compositions and mix proportions were designed using mass ratios. This approach has 
been widely used in the literature for ease of quantifying materials and useful in the production 
of a large number of samples. Given that chemical compositions of all materials are available, 
molar ratios can be obtained from the mass and molar mass of any compound where necessary to 
discuss the effect of molar ratios on the chemical reactions of the hydration process. 
The paste samples of MgO and a source of silica were prepared using a planetary 20 L mixer. The 
MgO/SiO2 ratios varied between 40/60 and 60/40 by mass. The lower limit of 40/60 was aimed 
at maximizing the formation of M-S-H gel with Mg/Si molar ratio close to 1.0 while the upper limit 
of 60/40 allowed examination of the formation of both brucite and M-S-H as hydration products. 
The fresh cement pastes were sealed in 50 ml containers and stored in an environmental chamber 
at 21oC until testing dates. Mix proportions are shown in Table 4.1. 
The optimization of superplasticizer (SP) content (as presented in Chapter 6) found that a SP 
dosage of 3% of binder by mass was optimal for 40% MgO-60% SF mixture. This SP dosage were 
utilized for all of the pastes in Table 4.1 and no adjustment was required for workability. 
SEM/EDS analysis was performed on hydrated paste samples at 7, 28, 90 and 365 days age using 
a JEOL 6400 Scanning Electron Microscope. The development of hydration products was 
monitored at 1, 7, 28, 90 and 365 days using a Philips PW1729 X-ray diffractometer (Cu, 50 kV/40 
mA) with a 3 to 70o 2θ scan range.  




Table 4.1. Mix proportions of MgO-SiO2 mixtures 
Mixtures 
Binder (MgO+SiO2=1.0) w/ 
(MgO+SiO2) 
SP (%, 
liquid) MgO SF MS RHA FA 
SF60 0.40 0.60    0.40 3% 
SF50 0.50 0.50    0.40 3% 
SF40 0.60 0.40    0.40 3% 
MS60 0.40  0.60   0.40 3% 
MS50 0.50  0.50   0.40 3% 
MS40 0.60  0.40   0.40 3% 
RHA60 0.40   0.60  0.40 3% 
RHA50 0.50   0.50  0.40 3% 
RHA40 0.60   0.40  0.40 3% 
FA60 0.40    0.60 0.40 3% 
FA50 0.50    0.50 0.40 3% 
FA40 0.60    0.40 0.40 3% 
 XRD ANALYSIS 
 M-SF mixtures 
Effect of ageing on the formation of M-S-H phases 
Figure 4.1 presents XRD spectra of M-S-H paste mixtures with MgO/SiO2 =40/60. The raw 
materials before mixing with water were denoted by age 0 while the hydration development was 
analyzed at 1, 7, 28, 90 and 365 days. 
It was found that curing duration has a significant effect on the type of hydration products of M-
SF mixtures. Much of the MgO was consumed in just the first day, illustrated by the reduction in 
intensity of MgO peaks, compared to the raw mixtures. As a result of the hydration of the MgO, a 
large amount of brucite was formed at this very early age, featured by brucite's peaks at 2θo = 18o, 
38o, 51o, 59o. This is consistent with what has been observed elsewhere (Vandeperre et al., 2008; 
Jin and Al-Tabbaa, 2013). The peaks of SF were almost unchanged indicates there were very little 
reactions of silica fume and brucite to form M-S-H after 1 day. The reaction of MgO with water was 
almost completed after 7 days. However, the observed amount of brucite at 7 days and 1 day was 
similar, as part of the freshly formed brucite proportion subsequently reacted with silica fume to 
form M-S-H gel, illustrated by the reduction in intensity of both the MgO peak and broad silica 
fume peak. According to previous studies (Gollop and Taylor, 1992; Temuujin et al., 1998a), three 
major broad peaks at 20–30o, 32–39o, and 58–62o 2θ have been assigned to M-S-H gel. Due to the 
slow reaction between brucite and SF, these peaks were not obvious at a curing age of 7 days. At 
28 days age, the decrease in brucite and SF peaks’ intensity, and formation of new broad peaks 




characteristic of M-S-H were evident, which indicate the formation of a poorly crystalline layered 
magnesium silicate hydrate phase resulting from the reaction between Mg(OH)2 and silica fume. 
Although the freshly formed Mg(OH)2 is highly reactive (Temuujin et al., 1998b) and even at a 
ratio of M/SF 40/60, which should have excess silica, a large amount of brucite was still present 
at 28 days age, which reveals that this pozzolanic reaction between brucite and silica fume 
occurred slowly at this early age up to 28 days. However, this pozzolanic reaction accelerated 
significantly with the long-term curing as the peaks associated with brucite completely 
disappeared at the age of 90 days and 365 days, which suggests that M-S-H is the only hydration 
product with samples containing 40%MgO-60%SF. It should be noted that the polymer-based 
superplasticizer used in this study has a critical role to permit the water reduction to w/c=0.40 
while still providing sufficient water for hydration. In other studies (Zhang et al., 2014), a 40/60 
MgO/SF mixture produced using sodium hexametaphosphate superplasticizer (w/c=0.40) still 
contained brucite and unreacted MgO even after 285 days curing. 
Effect of MgO/SiO2 ratio on the composition of M-S-H phases 
Figure 4.2 and 4.3 present XRD spectra of M/SF mixtures with increasing MgO/SiO2 ratio to 50/50 
and 60/40, respectively. A change in MgO/SiO2 ratio (M/Si molar ratio) significantly influences 
the hydration products. An increase in MgO content from 40% to 60% did not appear to affect the 
hydration rate of MgO as almost all MgO reacted with water to form brucite within 7 days. 
Consequently, the increase of MgO content increased the brucite content available at an early age 
to react with silica to form M-S-H phases.     
While the appearance of M-S-H was observed at the same age across all the samples with various 
MgO/SiO2 ratios, the peak intensities for the M-S-H phases decreased as the MgO/SiO2 ratio 
increased from 40/60 to 60/40. After 90 days age, residual brucite almost did not appear in the 
mixture containing 50-60% SF (where Mg/Si ratio was close to 1.0-1.5), however, it was found in 
the 60/40 M/SF mixture (Mg/Si ratio close to 2.25). Accordingly, the Mg/Si ratio of resulting M-
S-H after 90 days curing is close to 1.0 and no greater than 1.50, which indicates MgO/SiO2 ratios 
in between 40/60 to 50/50 should be optimal for the formation of M-S-H gel. This result is 
consistent with previous studies (Nied et al., 2016) in which M-S-H phases synthesized at room 
temperature had Mg/Si molar ratios in between 0.70 and 1.50. 





Figure 4.1. XRD spectra of M-SF paste samples (M/SF=40/60) over 365 days 
 
 Figure 4.2. XRD spectra of M-SF paste samples (M/SF=50/50) over 365 days 
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Figure 4.3. XRD spectra of M-SF paste samples (M/SF=60/40) over 365 days 
 
 
 Comparison of different amorphous silica sources 
 M-MS mixtures 
Figure 4.4 presents XRD patterns of 40/60 M/MS mixture where a pozzolanic reaction similar to 
the M/SF mixtures also occurs between MgO and MS. The peak intensities show that MgO 
component in M-MS mixtures hydrated at a similar rate as seen in M-SF mixtures to form brucite 
at 1 day and the MgO hydration was almost complete after 7 days. The brucite peaks decreased 
over the curing period, indicating the formation of M-S-H gel at 7 days age. The M-MS pastes 
contained a higher amount of impurities (quartz) than M-SF mixtures and correspondingly 
showed various peaks at ~ 27o, 30o 2θ across the samples. The M-S-H gel observed at 28 and 90 
days age increasingly formed over the curing period, as illustrated by the increase of the intensity 
of two broad peaks at 32–39o, 58–62o 2θ while other peaks at 20–30o2θ of M-S-H almost 
overlapped with the peak of impurity quartz in the mixtures. The XRD spectrum was almost 
unchanged between 90 to 365 days which indicates the reactions forming M-S-H phases almost 
finished after 90 days with the selected MgO/SiO2 ratio.  
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Similar to the formation of M-S-H using SF, various MgO/SiO2 ratios of M-MS mixtures led to 
changes in the amount of hydration products formed at different curing ages (Figure 4.5, Figure 
4.6). The increase of MgO content also resulted in higher brucite content available to react with 
amorphous silica forming M-S-H gel. The XRD peaks of brucite formed in the MS60 and MS50 
samples (Mg/Si =1.0-1.50) decreased and disappeared over 365 days, indicating the complete 
reactions between brucite and MS to form M-S-H gel with suggested Mg/Si molar ratio ranged 
from 1.0-1.50. It was found that the M-S-H gel were formed in a similar mechanism with the two 




Figure 4.4. XRD spectra of M-MS paste samples (M/MS=40/60) over 365 days 
 















(B: Brucite, M: MgO, M*: M-S-H, Q: quartz)
365d





Figure 4.5. XRD spectra of M-MS paste samples (M/MS=50/50) over 365 days 
 
 
Figure 4.6. XRD spectra of M-MS paste samples (M/MS=60/40) over 365 days 
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 M-RHA and M-FA mixtures 
Figure 4.7 shows XRD patterns of M-RHA mixtures at 28, 90 and 365 days. M-RHA samples contain 
60% of MgO and 40% of RHA in order to reduce the high porosity due to a very porous 
microstructure of RHA. At 28 days age, the peaks representing M-S-H phases was well observed. 
The predominance of XRD patterns of M-S-H phases indicates that most of hydrated MgO has 
reacted with RHA. The formation of M-S-H at this age and the unchanged XRD patterns after 28 
days have shown the high reactivity of RHA results from the high amount of amorphous silica 




Figure 4.7. XRD spectra of M-RHA paste samples (M/RHA=60/40) over 365 days 
 
Figure 4.8 presents XRD spectra of M-FA samples containing 60% MgO and 40% FA. The 
formation of M-S-H is very limited as the peaks representing M-S-H phases are not clearly shown 
in the XRD results. The XRD patterns of M-FA mixtures are pretty consistent over the curing period 
and there is no indication of the formation of M-S-H even after the long-term duration up to 365 
days. The reason for the poor formation of M-S-H in M-FA mixtures could be attributed to the low 
reactivity of FA and the low amorphous silica content of FA in the mixtures. The chemical 
composition analysis of FA shows a low SiO2 content (<50%) due to the availability of impurities 
such as aluminum, ferrous oxide and quartz in this source of silica. Therefore, it could be seen that 
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FA is not suitable to develop M-FA binary binder systems. The reactivity of MgO and silica is the 
most important factor for the chemical reactions forming binding phases. 
 
 
Figure 4.8. XRD spectra of M-FA paste samples (M/FA=60/40) over 365 days 
 
 
Figure 4.9 compares 28-day XRD patterns of samples of the 60/40 MgO/SiO2 ratio to illustrate the 
effect of silica sources to the hydration process of M-S-H systems. Each source of silica with its 
distinct features of chemical composition and morphology reacts differently with the same source 
of MgO in MgO-silica systems. It is known that the degree of hydration is strongly influenced by 
the reactivity of silica which is attributed to proportion of amorphous silica, particle size or 
specific surface area of the silica source. Various XRD patterns reflect the effect of the four testing 
silica sources on the formation of the hydration products. The formation of M-S-H phases 
illustrated by the corresponding peaks of the M-S-H compounds was well observed at 28 days age 
with mixtures using SF, MS, and RHA. These sources of silica with very high content of amorphous 
silica (>85%) and fineness due to the ultrafine particle size (SF, MS) and cellular microstructure 
(RHA) resulted in high degree of reaction with MgO in the mixtures. On the other hand, the 
formation of M-S-H phases in mixtures containing fly ash at 28 days age was negligible. It is 
obvious that the chemical composition of fly ash significantly differs from other sources of silica 
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with a low proportion of amorphous silica. The particle size analysis and SEM images (Chapter 3) 
show coarse spherical particles of FA with less porous microstructure. Such properties of a 
different source of silica significantly affect the reactivity of FA and may be the main reason for 
the poor formation of M-S-H phases in M-FA mixtures. 
 
 
Figure 4.9. XRD spectra of MgO-silica mixtures with different silica sources at 28 days age 
 
 
 SEM ANALYSIS 
 M-SF mixtures 
 Effect of curing duration on microstructure of M-S-H phases 
Since the hydration of reactive magnesia is fairly rapid (Du, 2005; Aphane, 2007; Jin, 2014), a 
control sample of 100% reactive MgO (w/c=0.40) cured for 28 days was considered to be fully 
hydrated brucite and used as a reference to examine the formation of M-S-H phases by SEM. The 
microstructure of 100% brucite was porous (Figure 4.10(a)) and included thin sheets as seen in 
the higher magnification image (Figure 4.10(b)). 
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                                              (a)                                                                                        (b)      
Figure 4.10. SEM image of brucite at 28 days age (a): X2000 and (b) : X5000   
 
 
Figure 4.11 shows the microstructure of MgO-SF mixtures with MgO/SiO2 ratio of 40/60 over 365 
days. The inclusion of silica fume particles resulted in much denser fracture surfaces compared 
with the 100% MgO sample (Figure 4.10). The formation of M-S-H gel at the early age of 7 days, 
which was not shown clearly by XRD results as previously discussed, can be observed in the 
microstructure of 40/60 M/SF samples (Figure 4.11(a)). There was unreacted brucite in 40/60 
M/SF samples at 7 days age (Figure 4.11(a)), however, this content decreased over time as it 
reacted with silica fume. Figure 4.11(b) and 4.10(c) show the increase of M-S-H content and 
improved densities at 28 and 90 days. After 90 days, the mixture with MgO/SiO2 ratio of 40/60 
has a smooth fracture surface without any noticeable residual brucite. The SEM and XRD results 
are generally in agreement indicating the complete reaction of brucite with silica fume to form M-








   





                               (c) SF60-90d                                                                      (d) SF60-365d     
Figure 4.11. SEM of M-SF paste samples (M/SF= 40/60) at 7 days (a),  28 days (b), 90 days (c) and 
365 days (d)  










                               (c) SF50-90d                                                                       (d) SF50-365d 
Figure 4.12. SEM of M-SF paste samples (M/SF= 50/50) at 7 days (a),  28 days (b), 90 days (c) and 
365 days (d) 




   
                                    (a) SF40-7d                                                                       (b) SF40-28d 
 
 
      
                                    (c) SF40-90d                                                                    (d) SF40-365d 
Figure 4.13. SEM of M-SF paste samples (M/SF=60/40) at 7 days (a),  28 days (b), 90 days (c) and 
365 days (d) 
 
 Effect of MgO/SiO2 ratio on microstructure of M-S-H phases 
While it was proved that all brucite can react with silica fume at low w/c=0.40 over 90 days with 
40/60 M/SF mixture, residual brucite appeared in other mixtures even at 365 days as M/SF ratios 
increased to 50/50 (Figure 4.12(a)-4.11(d)) and 60/40 (Figure 4.13(a)-4.12(d)). It is obvious that 




higher MgO content results in higher residual brucite which was observed at all curing ages. 
Accordingly, from the XRD and SEM results the most likely Mg/Si molar ratio of M-S-H formed in 
this investigation was below 1.50. The M/SF ratio for the optimal production of M-S-H and to limit 
the presence of residual brucite, therefore, should be close to 1.0. 
 Comparison of different amorphous silica sources 
 M-MS mixtures 
SEM images of M-MS mixtures (Figure 4.14 - 4.15) show a similar formation of M-S-H phases as 
observed in M-SF mixtures (Figure 4.11 - 4.12). The MgO/SiO2 ratio has a significant effect on the 
brucite content where there was some residual brucite in most of M-MS samples except those 
mixtures with the lowest MgO/SiO2 ratio (M/MS=40/60). The microstructures of both M-MS and 
M-SF mixtures at 7 and 28 days were fairly porous with a similar appearance to the microstructure 
of 100% brucite sample (Figure 4.10). However, SEM images of M-MS samples show more porous 
structures compared to SF mixtures, likely a result of the MS particles having a more angular 
morphology and larger particle size than the SF. The formation of M-S-H increased with both SF 
and MS due to ageing effect over 365 days curing period. The texture of the microstructure is 
visibly improved with age; e.g. the porous texture at early ages was gradually replaced by more 










    
                             (a) MS60-7d                                                                        (b) MS60-28d         
 
 
       
   
                            (c) MS60-90d                                                                   (d) MS60-365d     
Figure 4.14. SEM of M-MS paste samples (M/MS=40/60) at 7 days (a),  28 days (b), 90 days (c) and 
365 days (d) 




    
                               (d) MS50-7d                                                                       (e) MS50-28d     
 
 
                        
   
                                (f) MS50-90d                                                                (f) MS50-365d    
Figure 4.15. SEM of M-MS paste samples (M/MS=50/50) at 7 days (a),  28 days (b), 90 days (c) and 
365 days (d) 




    
                                (g) MS40-7d                                                                      (h) MS40-28d         
                   
 
   
          (c) MS40-90d                                                                (d)      MS40-365d 
Figure 4.16. SEM of M-MS paste samples (M/MS=60/40) at 7 days (a),  28 days (b), 90 days (c) and 
365 days (d) 
 
 M-RHA and M-FA mixtures 
Figure 4.17 presents SEM images of the microstructure of M-RHA mixtures over the curing 
duration up to 365 days. As experimental results from M-SF mixtures have shown that a high 
content of silica may result in porous microstructure, the selected M/RHA ratio was 60/40 to 




reduce the porosity of M-RHA cement pastes. However, it is shown that the microstructures of M-
RHA mixtures are not well-improved compared to 100% MgO sample as large pores still 
presented at all testing ages. The pastes are highly porous at 7 days age when there is only a small 
amount of M-S-H phases formed at this early age. The formation of M-S-H increases over the time 
and results in denser microstructures in the long-term (Figure 4.11d and Figure 10e). Although 
the formation of M-S-H was observed, the presence of large pores in M-RHA microstructures has 
shown that the porous structure and large particle size of RHA compared to SF might limit the 
strength development and durability of M-S-H binder systems using RHA. 
Figure 4.18 shows the rough texture of M-FA mixtures with porous microstructures. There were 
very limited M-S-H phases formed in the mixtures due to the low reactivity of FA compared to 
other silica (SF, MS, RHA). A remarkable amount of spherical fly ash particles those are probably 
unreacted was observed throughout the curing duration up to 365 days age. The FA resulted in 
large pore sizes in microstructures of M-FA pastes. The composition of FA contains very low SiO2 
content (<50%) including impurities of crystalline silica. The low content of amorphous silica and 
coarse particle sizes result in the low reactivity of fly ash and the porous microstructure of the 
mixtures, although the spherical shape is known to enable good workability. The microstructure 
is therefore highly dependent on the silica sources which reactivity and particle size are of utmost 
















                             (c) RHA40-90d                                                                       (d) RHA40-365d               
Figure 4.17. SEM of M-RHA paste samples (M/RHA=60/40) at 7 days (a),  28 days (b), 90 days (c) 
and 365 days (d) 
 





                             (a) FA40-7d                                                                        (b) FA40-28d      
       
 
  
                             (c) FA40-90d                                                                       (d) FA40-365d               
Figure 4.18. SEM of M-FA paste samples (M/FA=60/40) at 7 days (a),  28 days (b), 90 days (c) and 
365 days (d) 
Figure 4.19 shows microstructures of PC samples to compare with M-S-H binder systems. The PC 
samples have homogeneous microstructures in which the micro-pores are well distributed on the 
fracture surfaces.  In contrast, the microstructures of M-S-H binders appear to be porous. Although 
PC samples showed a porous microstructure at 7 days, denser pastes were observed over the time 
due to the formation of hydration products. As for M-S-H binders, the microstructure is dependent 
on the silica sources and porous textures are still observed even at the long-term curing after 365 
days. 




   
                                    (a) PC-7d                                                                             (b) PC-28d           
   
                                 (c) PC-90d                                                                           (b) PC-365d               
Figure 4.19. SEM of PC paste samples at 7 days (a), 28 days (b), 90 days (c) and 365 days (d) 
 ENERGY DISPERSIVE X-RAY SPECTROSCOPY (EDS) ANALYSIS 
 
While Scanning Electron Microscopy (SEM) allows for visual observation of specific locations, 
Energy Dispersive X-Ray Spectroscopy (EDS), sometimes referred to as EDAX or EDX, can be used 
to obtain quantitative elemental results of the same areas of interest. 
In order to study elemental compositions of hydration products of M-S-H binders, SEM/EDS was 
conducted on the backscattered model of carbon coated samples. The picking points were selected 
at different locations of the fracture surfaces. The spectrum analysis reveals the concentrations of 
elements whereby the presence M-S-H gel, brucite or unreacted particles can be identified based 




on the calculated Mg/Si molar ratios. Details of the EDS analysis of the mixtures of MgO and 
different silica sources are discussed below.   
 
 M-SF systems 
To characterize the formation of M-S-H phases, quantitative study of Mg and Si elements at each 
curing age is performed using EDS analysis. Details of elemental spectra of M-SF mixtures are 
presented in Appendix C. The summary of Mg/Si molar ratios of SF60, SF50, SF40 samples at 7 
days age are shown in Table 4.2. 
A wide range of Mg/Si molar ratios of SF60 samples were observed. All the spectra have average 
molar ratios lower than 1.0. Some points have very low Mg/Si molar ratios of 0.1-0.3 which locate 
the areas of high Si concentrations. These ratios are lower than the minimum Mg/Si molar of 0.67 
obtained in M-S-H gel (Brew and Glazer, 2005), and therefore possibly reveal the unreacted silica 
fume particles. At this early age, the reactions of brucite and silica fume appear to be incomplete 
and therefore, the unreacted silica fume with its ultra-high fineness and large surface area covers 
most of unreacted MgO or brucite particles. 
The effect of changing MgO/SiO2 ratio to the formation of M-S-H gel is well described by the Mg/Si 
molar ratios calculated from elemental spectra. An increase in M/SF ratio of the raw materials 
results in an increase in Mg/Si molar ratio of hydration products. Samples SF50 and SF40 contain 
higher brucite content than SF60 samples and possibly result in more Mg bound in M-S-H gel 
phases. Although the MgO/SiO2 ratio or the precursors of SF40 samples is 2.25, the highest 
average Mg/Si molar ratio of the hydration products is only 0.78. M-S-H gel formed at early ages 


























SF60 14 12.7 35.4 1.0 0.42 
SF60 15 17.7 30.4 1.0 0.68 
SF60 16 18.9 24.3 1.0 0.91 
SF60 17 6.3 57.9 1.0 0.13 
SF60-7d (average) 4     1.0 0.53 
      
SF50 27 10.5 42.8 1.50 0.29 
SF50 29 8.1 48.2 1.50 0.20 
SF50 30 20.2 28.8 1.50 0.82 
SF50 31 24.1 30.8 1.50 0.91 
SF50 32 16.6 35.8 1.50 0.54 
SF50 34 23.5 17.3 1.50 1.58 
SF50-7d (average) 6     1.50 0.72 
      
SF40 48 30.0 26.7 2.25 1.31 
SF40 49 10.2 47.1 2.25 0.25 
SF40 50 18.8 43.0 2.25 0.51 
SF40 51 22.8 30.6 2.25 0.87 
SF40 52 22.0 26.2 2.25 0.98 
SF40-7d (average) 5     2.25 0.78 
 
The Mg/Si molar ratios of samples at 28 days are shown in Table 4.3. At this age, there is an 
increase in Mg/Si molar ratios compared to 7 days age. Over the time, due to the dissolution of SF 
particles and the chemical reactions to form M-S-H, the concentrations of SF covering the surface 
of MgO particles reduce and result in the increase in Mg/Si molar ratios of the hydration products. 
MgO/SiO2 ratios of the raw materials have a strong influence on the chemical compositions of the 
hydration products. M-S-H gel phases are formed readily after 28 days curing with Mg/Si molar 
ratios in a range of 0.80 to 1.30, which is consistent with previous studies reported Mg/Si ratios 
of M-S-H phases in between 0.7 to 1.50 (Mitsuda and Taguchi, 1977). An increase in MgO content 
from 40% to 60% in the M-SF mixtures also leads to the higher Mg/Si molar ratios of the hydration 
products at 28 days age. 
 
















SF60 54 24.6 30.8 1.0 0.93 
SF60 55 19.3 26.9 1.0 0.84 
SF60 56 24.2 32.6 1.0 0.87 
SF60 57 22.9 30.7 1.0 0.87 
SF60 58 17.8 38.7 1.0 0.54 
SF60-28d 
(average) 5     1.0 0.81 
      
SF50 2 24.0 29.9 1.50 0.94 
SF50 3 24.3 26.9 1.50 1.05 
SF50 4 31.2 26.7 1.50 1.36 
SF50 5 26.4 26.7 1.50 1.15 
SF50 6 24.8 29.0 1.50 1.00 
SF50-28d 
(average) 5     1.50 1.10 
      
SF40 3 30.4 25.9 2.25 1.37 
SF40 4 25.9 28.4 2.25 1.06 
SF40 5 18.3 14.3 2.25 1.49 
SF40 6 24.2 33.6 2.25 0.84 
SF40 8 22.1 14.9 2.25 1.73 
SF40-28d 
(average) 5     2.25 1.30 
 
Table 4.4 and 4.5 present the EDS results over the long-term curing periods up to 90 days and 365 
days. As also shown in Figure 4.20, Mg/Si molar ratios of the hydration products increase further 
to confirm the improvement of the crystallinity and the completion of the hydration process over 
the time. Mixture SF60 and SF50 have the Mg/Si molar ratios in a range of 0.80 to 1.21 over the 
long-term. For mixture SF40, the Mg/Si molar ratios after 365 days curing reached 1.59 and 2.09 
at 90 and 365 days, respectively. The Mg/Si molar ratios exceeding 1.50 suggest the presence of 
residual brucite due to a high content of MgO in the binder composition. 
The hydration process can be summarized as that at the early age up to 7 days, the main reaction 
is the hydration of MgO and brucite precipitates as the main hydration product. Reactions of silica 
fume and brucite take place slowly at this stage. The Mg/Si ratios of the M-S-H phases depend on 
the binder composition (MgO/SiO2 ratio). MgO content higher than 50% results in unreacted 




brucite while SF content should be limited below 60% of the binder for complete reactions with 
brucite. M-S-H phases at early ages have low Mg/Si molar ratios and long-term ageing increases 
these ratios. 













SF60 7 19.6 25.6 1.0 0.89 
SF60 8 21.3 28.7 1.0 0.87 
SF60 9 20.9 25.4 1.0 0.96 
SF60 10 22.5 29.6 1.0 0.89 
SF60 11 22.7 26.7 1.0 0.99 
SF60-90d (average)  5     1.0 0.92 
      
SF50 13 25.4 21.2 1.50 1.40 
SF50 14 24.1 26.2 1.50 1.07 
SF50 15 20.5 27.8 1.50 0.86 
SF50 16 24.0 25.0 1.50 1.12 
SF50 17 26.2 25.9 1.50 1.18 
SF50-90d (average) 5     1.50 1.13 
      
SF40 41 28.6 18.0 2.25 1.85 
SF40 42 29.3 14.0 2.25 2.44 
SF40 43 26.0 22.9 2.25 1.32 
SF40 44 26.4 20.6 2.25 1.50 
SF40 45 25.9 22.9 2.25 1.32 
SF40 46 21.9 23.5 2.25 1.09 

























SF60 66 18.9 27.0 1.0 0.82 
SF60 67 19.2 27.4 1.0 0.82 
SF60 68 18.7 27.6 1.0 0.79 
SF60 69 18.7 27.5 1.0 0.79 
SF60 70 18.6 27.5 1.0 0.79 
SF60-365d (average) 5     1.0 0.80 
      
SF50 8 24.7 25.0 1.50 1.15 
SF50 9 25.2 26.4 1.50 1.11 
SF50 10 27.8 23.4 1.50 1.39 
SF50 11 27.1 24.3 1.50 1.30 
SF50 12 25.4 26.7 1.50 1.11 
SF50-365d (average) 5     1.50 1.21 
      
SF40 19 31.1 17.0 2.25 2.13 
SF40 20 26.8 22.2 2.25 1.41 
SF40 21 35.2 15.4 2.25 2.67 
SF40 22 33.9 15.9 2.25 2.49 
SF40 23 30.0 20.1 2.25 1.74 



























 M-MS systems 
The summary of Mg/Si molar ratios of MS60, MS50, and MS40 samples at 7 days age are shown in 
Table 4.6. Details of EDS spectra of M-MS mixtures are available in Appendix C. The MS60 sample 
has a target Mg/Si ratio of 1.0, but the spectra at 7 days age only obtained lower Mg/Si ratios in a 
range of 0.36-1.09 with an average value of 0.68. Most of the spectra have Mg/Si ratios agreed 
well with M-S-H compositions in previous studies, indicating that M-S-H phases are also formed 
at an early age with M-MS mixtures. As MgO content in the binder compositions increases from 
40% to 60%, the Mg/Si ratios of the hydration products in samples MS50 and MS40 also increase, 
indicating an additional amount of Mg is bound in the M-S-H phases. However, it can be seen that 
the Mg/Si ratios of the hydration products are always lower than the MgO/SiO2 ratios of the raw 
materials. This proves that the reactions forming M-S-H phases at this early age occur slowly and 
the main reactions are the hydration of MgO. 













MS60 17 12.1 23.5 1.0 0.60 
MS60 18 10.5 33.7 1.0 0.36 
MS60 19 14.8 27.3 1.0 0.63 
MS60 20 22.6 38.9 1.0 0.68 
MS60 21 22.3 23.9 1.0 1.09 
MS60 22 17.2 27.8 1.0 0.72 
MS60-7d (average) 6     1.0 0.68 
            
MS50 69 11.2 35.7 1.50 0.37 
MS50 70 19.3 20.2 1.50 1.11 
MS50 71 8.7 30.8 1.50 0.33 
MS50 72 25.6 23.0 1.50 1.30 
MS50 73 21.1 36.1 1.50 0.68 
MS50 74 16.7 29.8 1.50 0.65 
MS50-7d (average) 6     1.50 0.74 
            
MS40 34 23.4 16.6 2.25 1.64 
MS40 35 24.2 20.4 2.25 1.38 
MS40 36 17.2 24.4 2.25 0.82 
MS40 37 21.6 31.5 2.25 0.80 
MS40 38 27.9 15.7 2.25 2.07 
MS40-7d (average) 5     2.25 1.34 
 




Table 4.7 shows the Mg/Si molar ratios of samples at 28 days age in which increases of the Mg/Si 
molar ratios compared to 7 days age were observed. Over the time, due to the consumption of MS 
for the chemical reactions forming M-S-H, the concentrations of MS on the surface of MgO reduce 
and result in the increase of Mg/Si molar ratios of the hydration products. 
The MgO/SiO2 ratios of the binder compositions have a strong influence on the chemical 
compositions of the hydration products of M-MS mixtures. M-S-H phases are formed readily after 
28 days curing with Mg/Si molar ratios in a range of 0.69 to 1.87, which is almost consistent with 
Mg/Si ratios of M-S-H suggested elsewhere in the literature (Wei et al., 2006). An increase in MgO 
content from 40% to 60% of the raw materials also leads to the higher Mg/Si molar ratios of the 
hydration products at 28 days age. However, some locations have Mg/Si molar ratios higher than 
1.50 indicating the heterogeneity of the mixture containing excessive MgO (MS40 samples). 













MS60 32 20.2 35.2 1.0 0.67 
MS60 33 20.9 35.4 1.0 0.69 
MS60 34 16.0 39.2 1.0 0.48 
MS60 35 24.0 34.1 1.0 0.82 
MS60 37 20.4 30.0 1.0 0.79 
MS60-28d (average) 5     1.0 0.69 
            
MS50 47 21.8 31.6 1.50 0.80 
MS50 48 25.0 28.2 1.50 1.03 
MS50 49 18.1 32.2 1.50 0.66 
MS50 50 17.6 36.7 1.50 0.56 
MS50 51 27.2 24.4 1.50 1.30 
MS50-28d (average)       1.50 0.87 
            
MS40 53 27.6 20.0 2.25 1.61 
MS40 55 32.2 22.4 2.25 1.68 
MS40 56 29.9 15.8 2.25 2.21 
MS40 57 30.5 19.3 2.25 1.84 
MS40 58 30.4 17.8 2.25 1.99 
MS40-28d       2.25 1.87 (average) 
 




Table 4.8 and 4.9 present the EDS results over the long-term curing up to 90 days and 365 days of 
M-MS mixtures. The comparison of average Mg/Si molar ratios of M-MS mixtures over the time is 
shown in Figure 4.21. Similar to M-SF samples, Mg/Si molar ratios of the hydration products 
increase further to confirm the improvement of the crystallinity and the completion of the 
hydration process. Mixture MS60 and MS50 have Mg/Si molar ratios in a range of 0.80 to 1.40 
over the long-term, which is attributed to the formation of M-S-H gel. Mixture MS40 containing 
60% MgO and 40% MS with a target Mg/Si molar ratio of 2.25 obtained very high Mg/Si molar 
ratios of 2.66 and 2.24 at 90 and 365 days, respectively. The Mg/Si molar ratios exceeding 1.50 
reveal the non-uniformity of the MS40 mixture with the presence of residual brucite due to a high 
content of MgO in the binder composition. 













MS60 52 27.5 31.4 1.0 1.02 
MS60 53 18.7 38.4 1.0 0.57 
MS60 54 25.1 26.2 1.0 1.12 
MS60 55 7.2 31.8 1.0 0.26 
MS60 56 20.5 31.0 1.0 0.77 
MS60 57 23.0 29.4 1.0 0.91 
MS60-90d (average)       1.0 0.78 
            
MS50 64 21.5 33.1 1.50 0.76 
MS50 65 26.5 27.5 1.50 1.12 
MS50 66 30.1 24.4 1.50 1.44 
MS50 67 27.5 21.9 1.50 1.46 
MS50 68 23.7 36.6 1.50 0.76 
MS50-90d (average)       1.50 1.11 
            
MS40 69 34.5 16.4 2.25 2.45 
MS40 70 29.0 22.4 2.25 1.51 
MS40 71 26.7 29.2 2.25 1.07 
MS40 72 28.2 15.0 2.25 2.19 
MS40 73 35.9 6.9 2.25 6.07 





















MS60 34 24.8 26.0 1.0 1.11 
MS60 35 22.1 23.5 1.0 1.10 
MS60 36 8.6 40.2 1.0 0.25 
MS60 37 23.4 30.5 1.0 0.90 
MS60 38 24.8 26.5 1.0 1.09 
MS60 39 20.0 27.6 1.0 0.85 
MS60-365d (average)       1.0 0.88 
            
MS50 45 27.1 19.5 1.50 1.62 
MS50 46 25.6 22.6 1.50 1.32 
MS50 47 24.6 21.3 1.50 1.35 
MS50 48 25.7 18.8 1.50 1.59 
MS50 49 21.4 24.5 1.50 1.02 
MS50-365d (average)       1.50 1.38 
            
MS40 50 29.8 18.5 2.25 1.88 
MS40 51 30.3 15.8 2.25 2.24 
MS40 53 33.7 17.4 2.25 2.26 
MS40 54 35.4 13.6 2.25 3.04 
MS40 55 25.6 16.7 2.25 1.79 
MS40-365d (average)       2.25 2.24 
 
 

























The hydration process of M-MS mixtures is similar to that of M-SF mixtures however the Mg/Si 
molar ratios are slightly higher than those of M-SF mixtures. The difference of particle size, 
chemical composition and reactivity between the two silica sources can have a strong influence 
on the formation of M-S-H binding phases. 
 M-RHA and M-FA systems 
Table 4.10 and Figure 4.22 presents EDS analysis of M-RHA mixture containing 60% and 40% 
RHA during 365 days curing period. 
It is shown that the average Mg/Si ratio of RHA40 samples is in the range of 1.23 to 1.46, which is 
consistent with reported Mg/Si ratios of M-S-H phases. The formation of M-S-H binding phases in 
RHA40 samples was observed at the early age of 7 days which indicates the high reactivity of RHA. 
In comparison to M-SF and M-MS systems, Mg/Si ratios of M-S-H phases of RHA40 samples are 












































RHA40 42 34.8 18.8 2.25 2.16 
RHA40 43 21.7 29.7 2.25 0.85 
RHA40 44 22.4 29.2 2.25 0.89 
RHA40 45 37.3 17.1 2.25 2.54 
RHA40 46 19.1 31.3 2.25 0.71 
RHA40-7d (average)       2.25 1.43 
      
RHA40 52 22.3 29.0 2.25 0.90 
RHA40 53 30.8 22.2 2.25 1.62 
RHA40 54 28.5 22.9 2.25 1.45 
RHA40 55 24.8 27.2 2.25 1.06 
RHA40 56 30.4 22.7 2.25 1.56 
RHA40-28d (average)       2.25 1.32 
            
RHA40 29 10.4 37.0 2.25 0.33 
RHA40 30 27.5 34.1 2.25 0.94 
RHA40 31 23.7 21.6 2.25 1.28 
RHA40 32 27.2 30.4 2.25 1.04 
RHA40 33 35.7 26.7 2.25 1.56 
RHA40 36 39.4 20.8 2.25 2.21 
RHA40-90d (average)       2.25 1.23 
      
RHA40 16 31.0 19.3 2.25 1.87 
RHA40 17 29.3 33.0 2.25 1.04 
RHA40 18 30.4 24.4 2.25 1.45 
RHA40 19 27.9 22.9 2.25 1.42 
RHA40 20 31.0 23.9 2.25 1.51 









Table 4.11 and Figure 4.23 shows EDS results of M-FA mixtures containing 60% of MgO and 40% 
of FA. Due to the high MgO/FA ratio and the low SiO2 content in FA (<50%), it is obvious that the 
Mg/Si ratios of the hydration products are very high compared to the use of other silica sources 
(SF. MS, RHA). The average Mg/Si ratio in FA40 samples is in between 5.0 - 6.50, which is out of 
the suggested range of Mg/Si molar ratios of M-S-H phases. It appears that M-S-H is not formed in 
these samples. In addition, the variation of Mg/Si ratios in each sample is very large. For example, 
the FA40 samples at 7 days had Mg/Si molar ratios varied from 0.06 to 12.89. Similarly, at the end 
of 365 days curing period, the Mg/Si ratios varied from 0.1 to 18.38. A low value of Mg/Si ratios 
represents the predominance of unreacted SiO2 while a very high Mg/Si ratio can reflect the 
presence of MgO or Mg(OH)2. The large variability of Mg/Si ratios has shown the heterogeneity of 
microstructure without reactions of FA and hydrated MgO. The EDS results are well agreed with 
the SEM and XRD analysis as mentioned above to identify the formation of M-S-H in the mixtures 












































FA40 75 49.7 4.5 2.25 12.89 
FA40 76 2.0 30.8 2.25 0.08 
FA40 77 44.9 5.0 2.25 10.48 
FA40 78 2.4 43.2 2.25 0.06 
FA40 79 27.9 19.2 2.25 1.70 
FA40-7d (average)       2.25 5.04 
      
FA40 95 39.2 7.2 2.25 6.35 
FA40 96 41.9 6.8 2.25 7.19 
FA40 97 46.9 5.0 2.25 10.94 
FA40 98 36.2 7.3 2.25 5.79 
FA40 99 5.7 17.7 2.25 0.38 
FA40-28d (average)       2.25 6.13 
      
FA40 80 32.0 5.9 2.25 6.33 
FA40 81 45.1 4.6 2.25 11.44 
FA40 82 37.4 6.0 2.25 7.27 
FA40 83 34.7 7.4 2.25 5.47 
FA40 84 2.0 30.9 2.25 0.08 
FA40-90d (average)       2.25 6.12 
      
FA40 70 9.1 2.3 2.25 4.62 
FA40 71 3.0 27.1 2.25 0.13 
FA40 72 1.7 19.6 2.25 0.10 
FA40 73 23.2 11.2 2.25 2.42 
FA40 74 37.8 2.4 2.25 18.38 
FA40 75 39.0 3.4 2.25 13.38 
FA40-365d (average)       2.25 6.50 
 
Figure 4.24 compares Mg/Si molar ratios of M-S-H phases formed at 28 days ages of mixtures of 
MgO with four silica sources with a MgO/SiO2 ratio of 60/40. The average Mg/Si molar ratios were 
calculated for each sample from EDS analysis which reflects the effect of each of the four testing 
silica sources on the hydration products. Various Mg/Si molar ratios were found which show a 
strong influence of the chemical composition of the silica sources. The average 28-day Mg/Si 
molar ratios of SF40 and RHA40 samples were 1.30 and 1.32 (respectively), which are consistent 
with other studies reporting common ratios of M-S-H phases in between 0.70-1.50 (Mitsuda and 




Taguchi, 1977; Lothenbach et al., 2015). As for MS40 samples, the average molar ratios of M-S-H 
phases (1.87) was slightly higher than the reported range, which indicates the presence of 
unreacted Mg(OH)2 as a hydration product alongside the formation of M-S-H. In contrast to the 
low Mg/Si molar ratios of SF40, RHA40, and MS40 samples, mixtures using FA exhibited an 
extremely high average Mg/Si molar ratio of the hydration products. This high Mg/Si ratio reveals 
the inhomogeneity of M-FA mixtures in which the formation of M-S-H phases is negligible and 
Mg(OH)2 is the predominant hydration product. Therefore, each source of silica with its distinct 
features of chemical composition and morphology has a strong influence on the hydration 
products of MgO-silica systems, which may affect the mechanical and durability properties of the 
cementitious materials. 
 
Figure 4.24. Mg/Si molar ratios of samples at 28 days age 
 
 CONCLUSIONS 
This experimental work investigated the microstructure and hydration products of MgO-SiO2 
mixtures prepared at low water content (w/c=0.4) with different amorphous silica sources 
commonly used in concrete construction. The following conclusions can be drawn based on the 
findings of this study. 
(1) M-S-H binding phases can be formed readily in mixtures of reactive MgO and different silica 
sources at w/c=0.40. The main hydration product after 1 day is brucite while M-S-H can be found 
as early as 7 days and at longer curing periods. Reactions of brucite and amorphous silica occur 





























(2) The MgO/SiO2 ratios significantly affect the microstructure and type of hydration products. 
The MgO/SiO2 ratio of 1.0 (40/60 by mass) is ideal for the formation of M-S-H with a complete 
reaction of hydrated magnesium oxide and amorphous silica to form M-S-H gel over 365 days 
curing period. Higher MgO/SiO2 ratios result in residual brucite in the mixture even after long-
term curing.  
(3) Silica sources with different material reactivity, purity and particle sizes also have a strong 
effect on the hydration products. The design of M-S-H binder systems is, therefore, complicated 
due to the influence of silica sources. EDS analysis shows the formation of M-S-H binding phases 
with different Mg/Si molar ratios results from different sources of silica. SF, MS, and RHA have 
high reactivity to activate hydrated MgO in M-S-H binder systems. However, the formation of M-
S-H phases in M-FA systems is negligible due to the low reactivity of FA.  
(4) Freshly formed M-S-H has low Mg/Si molar ratios due to the coverage of unreacted silica on 
the surface of brucite particles. Over the time, the brucite reacts further with silica and results in 
modified M-S-H phases of higher Mg/Si molar ratios. 
(5) EDS analysis is well correlated with other experimental techniques such as XRD and SEM to 
characterize the hydration products of M-S-H binder systems. 
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5. CHAPTER 5                                                                                         
PORE SOLUTION ANALYSIS OF MAGNESIUM SILICATE 




In the earlier work on the microstructure analysis in chapter 4, the hydration process of M-S-H 
cement pastes was characterized using different techniques including XRD, SEM/EDS analysis. 
The mechanism of the formation of the M-S-H binding phases such as hydration products, 
hydration rate, and texture properties was discussed. The effects of different material sources and 
binder compositions on the hydration products and microstructures were also evaluated. 
The XRD and SEM/EDS analysis are useful for the understanding of the strength development of 
a binder system (in chapter 7) in which hydration products can be identified and the quantitative 
analysis of the hydration products can be achieved. However, the nature of the chemical reactions 
forming the hydration products is not fully understood. The characterization of the chemical 
reaction requires a number of analytical techniques to investigate solubility, pH, and ion 
concentrations of elements of interest of the solutions extracted from cement paste samples.   
For this reason, the pore solution analysis is presented in this chapter in which inductively 
coupled plasma mass spectrometry (ICP-MS) was utilized to analyze the development of ion 
concentrations of the pore solutions of M-S-H binders. Although the purpose of the analysis is not 
to quantify the hydration products directly, the determination of various metals and non-
metals leads to an understanding of the nature of the pore solutions and provides insight into 
which hydrate phases are stable and can thus potentially precipitate or disolve. In addition, pHs 
of the pore solutions were measured to discuss the pH development as it significantly affects the 
solubility of the binder constituents as well as the potential durability (as discussed in chapter 8) 









The pore solutions of magnesium silicate hydrate (M-S-H) binder systems are extracted to analyze 
chemical composition and pH. Mixtures contain reactive magnesium oxide and different sources of 
silica including silica fume (SF), natural microsilica (MS), rice husk ash (RHA) and fly ash (FA) with 
MgO/silica ratio varies in between 40-60 weight %.   
M-S-H binders are naturally alkaline with pHs of the pore solutions strongly depend on the reactivity 
and alkalis content of the raw materials. The pHs of M-S-H binder systems decrease over time during 
90 days testing period.  SF, MS, or RHA mixed with MgO result in pHs at 2 days age in the range of 
10.50 – 11.70 followed by the reduced pHs of well below 10.50 at 90 days. M-FA mixtures contain 
high content of sodium, potassium and calcium, which lead to high pHs in the pore solutions of above 
11.00 at all testing ages. 
The dominant ions available in the M-S-H binders include sodium, potassium, calcium, magnesium 
and silicon with the concentrations strongly influenced by the pH and solubility of the binder 
constituents. The formation of M-S-H phases in mixtures of low pHs under 10.50 after 90 days is 



















The M-S-H binder systems are among potential sustainable cements due to the use of reactive 
magnesium oxide calcined at low temperatures (700-1000oC) and industrial by products or waste 
materials such as silica fume, fly ash, rice husk or natural pozzolan. 
A process which involves CO2 sequestration by magnesium-rich minerals olivine and serpentine 
to produce magnesium hydroxide is being developed. Such technology if successful can produce 
carbon neutral magnesium-based binder materials in the future (Pacheco-Torgal, 2014). There 
are also other benefits of using M-S-H binders for the immobilization of nuclear wastes (Zhang et 
al., 2012; Walling et al., 2015). 
An increasing number of publications have been found in the literature in the last decade 
concerning the characterization of the microstructure and mechanical properties of M-S-H binder 
systems. Since cementing properties of M-S-H binder were reported with strengths of over 50 
MPa (Wei et al., 2006), other studies have achieved considerable higher strengths. Zhang et al. 
(2014) developed low pH M-S-H binder systems obtaining strengths of over 60 MPa. Marmol et 
al. (2016) produced 70 MPa fiber-cement with MgO-SiO2 systems incorporating cellulosic 
reinforcing elements. By using quartz fillers, Tran and Scott (2017) proposed ternary mortar 
mixtures of MgO-SiO2-quartz filler resulting in strengths exceeding 85 MPa. Chen et al. (2017) was 
able to produce pastes with a 28-day compressive strength in excess of 105 MPa at a w/c ratio of 
0.2 by using a combination of CFB slag, reactive MgO and silica fume.  
A number of studies including Mitsuda and Taguchi (1977) and Brew and Glasser (1995) have laid 
the foundations for the understanding of microstructure and reaction mechanism of reactive MgO 
and silica fume. Chemical reactions forming M-S-H phases at room temperature were also 
suggested (Li et al., 2014; Zhang et al., 2014). The MgO/SiO2 ratio was found to have a large effect 
on the hydration products including brucite and M-S-H phases. The Mg/Si molar ratios of M-S-H 
phases range from 0.7-1.5 which are lower than Ca/Si ratios in Portland cement (Lothenbach et 
al., 2015; Nied et al., 2016). 
There are however no studies on pore solutions extracted from M-S-H binder systems. It is known 
that the composition of the cement pore solution is essential as it reflects the hydration processes 
and determines which hydrate phases are stable and can thus potentially precipitate and vice 
versa (Vollpracht et al. (2016)). Different methods can be applied to obtain pore solutions of 
cementitious materials depending on the age and w/c ratio of the samples. Hardening pastes are 
generally required a high pressure device to extract the pore solutions. Such a high pressure 
device was first introduced by Longuet et al. (1973) to study the liquid phase of hydrate cement 




and numerous studies (Barneyback and Diamond, 1981; Page et al., 1986; Kawamura et al., 1988; 
Andersson et al., 1989; Hussain and Al-Gahtani, 1991; Duchesne and Bérubé, 1994; Tritthart and 
Häußler, 2003; Buckley et al., 2007) have successfully applied similar techniques to obtain pore 
solutions of cement pastes with w/c = 0.60 and below.  
Data such as ion concentrations and pH can be analyzed from collected pore solutions to 
understand the cement hydration processes. The pore solution analysis is very useful for 
understanding cement’s deleterious reactions and durability (Hooton et al., 2010). Analytical 
techniques such as inductively coupled plasma optical emission spectroscopy (ICP-OES) or 
inductively coupled plasma mass spectrometry (ICP-MS) are available for elemental 
determinations.  
Significance 
Despite the availability of a number of studies on the formation of M-S-H binder systems, it is 
unlikely the binders system will find practical application in the near future due to a lack of the 
full understanding of the properties of the binder, in particular the pore solutions’ chemical 
composition and durability, among other things. There is still the limitation of the very high water 
demand for workability compared to PC which results in fairly low strengths  of the M-S-H binders 
(Jin and Al-Tabbaa, 2014; Walling et al., 2015). Also, the material source is reported to be one of 
the major causes for the strength variations of M-S-H binders (Jin et al., 2013). Tran et al. (2017) 
also reported the problems of slow strength development rate of M-S-H binders compared to PC. 
The understanding of pH and ion concentrations of the pore solutions of the MgO-silica mixtures 
in this study will give important insights into the chemical processes and the interactions between 
solid and liquid phases of the M-S-H binder systems. In particular, underlying factors of the 
extreme variations of the resulting properties due to different material sources may be explained. 
Other findings are the relationship between the change of ion concentrations and reactions rate 
and causes of the slow strength development of the developing binder systems. 
An understanding of the pore solution will aid in the determination of the potential durability of 
the new binder. The measured pHs of the pore solutions also explain potential vulnerability to the 
risk of corrosion if the cementitious materials are intended to have steel reinforcement. The 
measured concentrations of the main elements of the M-S-H binding phases may reveal the risk 
of leaching or loss of strength in the long term.  
 




 EXPERIMENTAL PROGRAMME 
 Materials 
Reactive magnesium oxide (MgO) and four sources of reactive silica were supplied. Rice husk ash 
(RHA) and Fly ash (type F) was used to target low cost material sources for the M-S-H binders. 
Properties of materials are provided in Chapter 3. 
 
 Mix proportions and sample preparation 
A series of samples for pore solution expression were prepared from freshly-mixed cement paste 
using deionized water. Mix proportions are shown in Table 5.1.  
Table 5.1. Mix proportions of samples for pore solution expression 







Test age and methods 
2d 7d 28d 90d 
1 SF60 0.4MgO+0.6SF 0.60 0.5 pH, ICP-MS pH, ICP-MS pH, ICP-MS pH, ICP-MS 
2 SF50 0.5MgO+0.5SF 0.60 0.5 pH, ICP-MS pH, ICP-MS pH, ICP-MS pH, ICP-MS 
3 SF40 0.6MgO+0.4SF 0.60 0.5 pH, ICP-MS pH, ICP-MS pH, ICP-MS pH, ICP-MS 
4 MS60 0.4MgO+0.6MS 0.60 1.0 pH, ICP-MS pH, ICP-MS pH, ICP-MS pH, ICP-MS 
5 MS50 0.5MgO+0.5MS 0.60 1.0 pH, ICP-MS pH, ICP-MS pH, ICP-MS pH, ICP-MS 
6 MS40 0.6MgO+0.4MS 0.60 1.0 pH, ICP-MS pH, ICP-MS pH, ICP-MS pH, ICP-MS 
7 RHA60 0.4MgO+0.6RHA 0.60 1.0 pH, ICP-MS pH, ICP-MS pH, ICP-MS pH, ICP-MS 
8 RHA50 0.5MgO+0.5RHA 0.60 1.0 pH, ICP-MS pH, ICP-MS pH, ICP-MS pH, ICP-MS 
9 RHA40 0.6MgO+0.4RHA 0.60 1.0 pH, ICP-MS pH, ICP-MS pH, ICP-MS pH, ICP-MS 
10 FA60 0.4MgO+0.6FA 0.60 - pH, ICP-MS pH, ICP-MS pH, ICP-MS pH, ICP-MS 
11 FA50 0.5MgO+0.5FA 0.60 - pH, ICP-MS pH, ICP-MS pH, ICP-MS pH, ICP-MS 
12 FA40 0.6MgO+0.4FA 0.60 - pH, ICP-MS pH, ICP-MS pH, ICP-MS pH, ICP-MS 
 
The pastes were stored in 50 ml cylindrical laboratory tubes and sealed immediately following 
casting until prior to crushing to prevent both evaporation of the mix water and carbonation 
(Figure 5.1). Samples were cured at a room temperature of approximately 20 °C and tested at 2, 
7, 28, and 90 days age. 








Figure 5.1. Sample preparation 
 
Details of the pore solution extraction method and the apparatus were described in Chapter 3. 
Samples (in 50 ml tubes) were taken out of the tubes and immediately placed into the apparatus 
followed by the compression procedure. The loading increased pressure up to 400 MPa at a rate 
of 0.25 MPa/s (taking about 25 minutes) and then held at this pressure for 30 seconds.  Paste 
samples after extraction can be seen in Figure 5.2. 
The volume of the pore solutions obtained by this method varied significantly with different silica 
sources and reduced significantly at longer curing durations. Typically, two 50 ml tube samples 
were used at each pressing and a volume of 4-40 ml of the pore solutions was collected at different 
testing ages of 2, 7, and 28 days. At 90 days age, the extraction were repeated twice with mixtures 
produced little pore solution. Table 5.2 shows volumes of pore solutions obtained with testing 
samples. 
 





Table 5.2. Pore solution volumes (ml) of testing samples. 
Sample / 
Age SF60 SF50 SF40 MS60 MS50 MS40 R60 R50 R40 FA60 FA50 FA40 
2 days 20 15 14 20 21 20 27 27 29 40 38 37 
7 days 16 12 11 17 18 17 25 23 22 34 34 30 
28 days 9 7 4 14 13 13 18 20 18 28 27 27 
90 days 7* 3** 7** 11 10 12 19 18 14 23 24 22 
* 2.5 samples were used; ** 5 samples were used 
 
 
The collected pore solution of each mixture was filtered and sealed in a container to prevent 
reactions with atmospheric carbon dioxide. The pH was measured within 1 h of collection using a 
pH benchtop meter (Thermo Scientific Orion Star A211). Samples for ICP-MS analysis were stored 
under -18oC temperature until testing age. Due to the detection limit of the analytical method, 
samples were diluted prior to analysis. The dilution factor of M-SF, M-MS, and M-RHA mixtures 
was 500 (1 ml of the pore solution was diluted by 500ml of deionized water). The M-FA mixture 
was diluted with a dilution factor as high as 2000 due to the high content of alkalis in the pore 
solutions. Ion concentrations of the pore solutions were analyzed using the Agilent 7500cx ICP-
MS instrument (Figure 5.3) 
 
 









Figure 5.3. Agilent 7500 Series ICP-MS analysis instrument (Agilent Technologies Inc., 2006) 
 




 RESULTS AND DISCUSSION 
 pH development of M-S-H binders 
The reference pH of each material source is required to understand the interaction of the 
constituents in the M-S-H binders. To provide a control pH for each material source, a solution 
was prepared in which 5 g of each raw material was stirred in 100 ml of deionized water. Figure 
5.4 shows the control pHs of each individual material measured at the same testing ages as the 
pore solutions (2, 7, 28, and 90 days).  
The pH changes in the pore solutions of each mixture in comparison to its each binder constituents 
are discussed below. 
 
Figure 5.4. pH of raw material solutions (solid/water = 5/50 g/ml) 
 
 M-SF systems 
Figure 5.5 shows pH-values of the pore solutions extracted from M-SF cement pastes. It is obvious 
that M-S-H binders are naturally alkaline though somewhat lower than PC. The pHs of the 
mixtures are dependent on the reactivity of MgO, silica, and in particular total content of alkali 


























It is expected that reactive MgO can react quickly with water during the first few days to form 
brucite and the predominance of brucite in the mixture results in an alkaline pore solution. 
Theoretically, Mg(OH)2 is reported to have a pH close to 10.50 (O'Neil, 2006).  
The pHs of M-S-H pore solutions at 2 days age are well above 10.50 and close to 11.00. These high 
pH-values result from the presence of soluble alkalis in both MgO and SF. However, a sharp 
decrease of pHs to below 10.50 was observed with all M-SF mixtures at 7 days age and the pHs 
further decreased as curing age increased to 90 days. The pH changes in M-SF mixtures are 
opposed to pH patterns of the raw material solutions in which a stable pH close to 11.00 for the 
MgO solution was observed while SF solution showed slightly fluctuated pH-values as low as in 
between 8.00-9.00.  
The effect of changing MgO/SF ratios on pHs of pore solutions is well observed particularly in the 
long-term. The pHs of mixtures at 90 days vary noticeably reflecting the reaction rate and 
stoichiometry. The low SF mixture (SF40) has a pH of just below 10.50 suggesting the presence of 
residual brucite as part of hydration products while the high SF mixture (SF60) shows a very low 
pH of only 9.20 at which most of brucite should react with SF and the M-S-H are formed as the 
main binding phases. 
 





















  M-MS systems 
Figure 5.6 presents the pHs of M-MS binder systems showing a decrease trend over the 90 days 
period which is similar to the pH patterns of M-SF samples. 
The pHs of the pore solutions are determined by the chemical compositions of the raw materials. 
It is shown that the reference MS solution has the lowest pH-values of only between 3.0 and 4.0 
over the 90 days compared to other silica sources. The reason is that although MS600 is rich in 
silica, the deposit also contains impurities including clay, ironsand, alunite, and elemental sulphur 
(Chrisholm, 1998). This low pH has affected the pHs of M-MS pore solutions resulting in a wide 
range of pH-values at early age up to 7 days as the MS content increases from 40 to 60%. 
M-MS mixtures have a pH range of 10.20 to 11.00. The decrease rate of the pH-values is lower than 
the M-SF samples even no significant decrease is observed between 28 and 90 days. The pH 
decrease indicates some degree of reaction of MS and hydrated MgO forming M-S-H binding 
phases, however, a stable pH of about 10.20 at later stage also suggests that MS is less reactive 
than SF in M-S-H binder systems. 
 
 





















 M-RHA systems 
Figure 5.7 shows the pH evolution of M-RHA mixtures over 90 days hydration period. Again, a 
downward trend is observed with a sharp decrease of the pH-values during the first 7 days 
followed by a slow reduction from 7 to 90 days age. 
The pore solutions have the high pHs at 2 days range from 11.40-11.70 resulted from the high pH 
of the RHA solution (pH = 9.30-9.80, Figure 5.4) compared to SF and MS. Nonetheless, the pHs of 
the pore solutions drop dramatically to around 10.50 after 7 days indicating some degree of 
reaction forming M-S-H phases. A further pH reduction at a slow rate to below 10.00 after 90 days 
confirms the increasing formation of M-S-H as a result of the reaction of hydrated MgO and RHA, 
which is almost similar to the pozzolanic reaction of calcium hydroxide and silica to form C-S-H in 


























  M-FA systems 
Figure 5.8 presents the pH development of the pore solutions of M-FA mixtures over the time. The 
decrease in pHs is observed however the pore solutions of M-FA mixtures have exceptionally high 
pHs during 90-day curing period compared to other mixtures. The total alkalis content (Na2O, K2O, 
CaO, MgO) in FA is far more higher than in other silica and possibly the main cause to raise pHs of 
the pore solutions. The pH of FA control solution fluctuated in between 12.50 to 12.90 during 90 
days (Figure 5.4). As a result, the pore solutions of M-FA mixtures also showed high pH-values in 
between 11.30 and 12.80. The pHs of M-FA mixtures appear to decline linearly, which is in 
contrast to the sharp decrease during the first 7 days as seen with M-SF, M-MS, M-RHA mixtures. 
The high pHs in M-FA mixtures could increase the dissolution of silica and accelerate the MgO-
silica reactions. On the other hand, the high pH adversely affects the solubility of MgO which would 
reduce the reaction rate. The high pHs measured after a long period curing up to 90 days suggests 
a very limited degree of reaction between MgO and FA. The pH development therefore also reflects 
the lower reactivity of FA compared to other types of silica, which is consistent with the low 
amorphous silica content in the chemical composition of FA (in chapter 4) and the strength results 
of M-FA mixtures (in chapter 7). 
 




















 Chemical composition of M-S-H cement pore solutions 
 MgO-SF systems 
a) Alkali concentrations (Na+, K+, Ca2+) 
Alkalis are present in the raw materials of the binders. Both reactive magnesium oxide and silica 
have alkalis as impurities. In particular, fly ash contains a considerable amount of calcium oxide. 
It is known that alkalis (Na2O, K2O) dissolve rapidly within the first minutes when water is added 
and therefore have a strong influence on the pH and dissolution of other elements. 
Three MgO/SF ratios were intentionally selected for SF60, SF50, SF40 mixtures to examine the 
influence of MgO/SF ratio on the ion concentrations. However it should be noted that only alkalis 
and magnesium ion concentrations of SF50 and SF40 mixtures were reported and discussed 
herein in Figure 5.9 – 5.12. The alkali concentrations of SF60 mixture at 28 days age are presented 
in Appendix D for reference only as they appears to be out of proportion to the other samples (SF 
50 and SF40) and probably the result of a dilution error. 
Alkali concentrations (Na+, K+, Ca2+) of SF50 and SF40 mixtures are shown in Figure 5.9, Figure 
5.10, and Figure 5.11. The ion concentrations are dependent on the amount of the elements in the 
raw materials. As SF contains high amounts of Na and K (compared to other silica), high 
concentrations of Na and K were observed in the solutions, ranged widely from 300 to 1150 mg/L 
(Na) and 150 to 950 mg/L (K).        
Although there is a considerable amount of CaO (4%) in the reactive MgO, the theoretical solubility 
of Ca is far less than Na and K, hence there is only a low concentration of Ca available in the 
solutions at all ages (Figure 5.11). Measured calcium concentrations are also far less than 
magnesium concentrations in the pore solutions of the binders. 
 
b) Magnesium concentration 
Figure 5.12 shows Mg concentrations of the pore solutions of MS50 and MS40 mixtures over 90 
days period. During the early age, Mg concentrations are mainly controlled by the dissolution of 
MgO and affected by the reactivity of MgO and pH of the pore solutions. MgO is known to be 
practically insoluble in water. Due to a poor water solubility (86 mg/L at 30o C (Patnaik, 2003)), 
the Mg2+ concentration at early age up to 7 days are very low and consistent with its theoretical 
solubility. The high MgO/SF ratio is expected to result in higher Mg concentration at this early age 
as the MgO content increases from 50% (in SF50 samples) to 60% (in SF40 samples). However, 
the low solubility of MgO has made this difference insignificant. 




SF has a strong influence on the solubility of MgO, particularly after 7 days age. As SF is present, 
the dissolution of MgO is accelerated and the Mg concentration exceeds the water solubility limit. 
At 28 and 90 days age, an increase in Mg concentrations was observed along with the decrease of 
Si concentrations. The measured magnesium concentrations are even much higher than calcium 
concentrations in the pore solutions of the M-SF systems.  This general trend of increasing 
magnesium concentrations indicates the reactions of hydrated MgO and SF to form M-S-H phases. 
As hydrated MgO reacts with SF, the MgO/SF ratio also influences Mg concentrations. The high 
Mg2+ concentration was observed at 90 days age with SF50 mixture containing higher SF than 
SF40 mixture. The Mg ion concentrations were consistent with the theoretical stoichiometry of 
the reaction between MgO and SF to form M-S-H phases. 
The reactivity of a silica source can be shown by the dissolution of MgO. A highly reactive silica 
source would accelerate the dissolution of MgO for the formation of M-S-H phases. The 
remarkable change in measured Mg concentrations has shown the high reactivity of silica fume 
used in M-SF systems. 
c) Silicon concentration 
Si concentration is correlated to the solubility of silica which is affected by the pH and the content 
of alkalis in the mixtures. It is known that the pore solutions have high pHs at early age due to the 
high solubility of alkalis and the high content of MgO (40-60%) in the binder. As a result, the Si 
concentrations (Figure 5.13) increased to the highest values at 2 days age. The Si concentrations 
decreased over the time along with the formation of M-S-H phases. 
It is observed that MgO/SF ratios within the testing range have little effect on the solubility of SF 
in the mixtures, probably due to the high content of both MgO and SF. All M-SF mixtures exhibit 
similar patterns of a downward trend with marginal difference of the Si concentrations over the 
90 days. The Si concentrations of M-SF mixtures reduce from the high value of 150 mg/L at 2 days 
age to the low value of about 100 mg/L at long-term of 90 days. 





Figure 5.9. Na concentration (mg/L) in M-SF systems 
 
































Figure 5.11. Ca concentration (mg/L) in M-SF systems 
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 MgO-MS systems 
a) Alkali concentrations (Na+, K+, Ca2+) 
The concentrations of alkalis in the pore solutions of M-MS paste samples are provided in Figure 
5.14, Figure 5.15, and Figure 5.16. Due to the consumption of water during the hydration process 
and also a release of alkalis incorporated into binder constituents the alkali concentrations 
slightly increase over time, although a part of the alkalis is bound in the hydration products 
(brucite and M-S-H phases). 
The concentrations of sodium, potassium and calcium depend on the total content of K2O, N2O and 
CaO of the binders. The total content of these oxides in MS is much lower than SF, which leads to 
far less alkali ion concentrations than M-SF mixtures. The sodium and potassium concentrations 
in M-MS mixtures reach up to 400 and 120 mg/L, compared to approximately 1600 and 1400 
mg/L of M-SF samples, respectively. The low solubility also limits the calcium concentrations in 
the pore solutions. The highest calcium concentrations in M-MS mixtures over 90 days are below 
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b) Magnesium concentration 
Figure 5.17 shows Mg concentrations in the M-MS mixtures over 90 days period. During the early 
age, Mg concentrations are pretty low which are mainly controlled by the limited solubility of MgO 
in water. An increase of the Mg concentrations in the pore solution is observed for all binders over 
the time. The presence of MS has a strong influence on the dissolution of hydrated MgO after 7 
days.  
The Mg concentration ranges of M-MS mixtures are slightly lower than M-SF mixtures. The 
measured concentrations at 7 days are in between 20 and 100 mg/L, then rise to 50÷200 mg/L at 
28 days and further increase to 150÷250 mg/L. The increasing Mg concentration would suggest 
the depletion of brucite to react with MS for the formation of M-S-H binding phases.  
Mg concentrations are also influenced by MgO/MS ratios in M-MS mixtures. The variation of the 
concentration reflects the change of MS content. High amounts of MS can reduce pH faster to 
increase dissolution of MgO and reaction rate forming M-S-H phases. An increase in Mg 
concentration due to increasing MS content also indicates the high reactivity of MS as a 
supplementary cementitious materials. 
c) Silicon concentration 
Silicon concentrations of M-MS mixtures are shown in Figure 5.18. The results are almost in the 
same range as observed in M-SF mixtures in which the general trend is the decrease of Si 
concentrations over the 90 days period. 
One possible reason for the reduced Si concentrations is the consumption of an amount of silica 
as a result of the formation of M-S-H. The pH also has strong impact on the solubility of silica. The 
decrease of the pHs of the pore solutions over the time generally reduces the dissolution of silica 
and leads to the reduction of Si concentrations. 
 
 





Figure 5.14. Na concentration (mg/L) in M-MS systems 
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Figure 5.16. Ca concentration (mg/L) in M-MS systems 
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Figure 5.18. Si concentration (mg/L) in M-MS systems 
 
  MgO-RHA systems 
a) Alkali concentrations (Na+, K+, Ca2+) 
Figure 5.19 to Figure 5.21 present alkali concentrations of M-RHA pore solutions. Overall, the ion 
concentrations increase over 90 days curing period except a peak of Ca concentration at 7 days 
age. 
A rapid increase of sodium and potassium concentrations is observed during the first 7 days. The 
increase rate then reduces over the time. The measured concentrations during 28 and 90 days are 
in range of 400-750 mg/L (sodium) and 350-600 mg/L (potassium). The calcium concentration is 
pretty low with the high of 30 mg/L at 90 days age. It is shown that the alkali concentrations of 
the pore solutions depend on the total content of each alkali compound in the binders. 
b) Magnesium concentration 
Magnesium concentrations in the pore solutions of M-RHA blends are shown in Figure 5.22. To 
compare with M-SF and M-MS pastes, no significant difference is observed except a slightly lower 
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The Mg2+ concentrations increase over the time due to the presence of RHA which leads to the 
decrease in pH of the pore solutions. The effect is obvious after 7 days as Mg concentrations 
increase considerably, particularly with mixtures contain high content of RHA (RHA50 and 
RHA60). A wide range of Mg concentrations changed at later stage proves the high reactivity of 
RHA and the formation of M-S-H phases. However the increase of Mg concentrations at later stage 
also suggests slow reactions of hydrated MgO and RHA in this M-S-H formation mechanism. 
c) Silicon concentration 
Silicon concentrations of M-RHA mixtures are shown in Figure 5.23. The Si concentrations of the 
pore solutions rise sharply during first 7 days followed by a quick decrease to 28 days. From 28 
days to 90 days of the hydration process, only a slight decrease of the Si concentration is observed. 
The slightly different trend of Si concentrations development compared to M-SF and M-MS 
mixtures reflects the pH development of the pore solutions. M-RHA pore solutions obtain higher 
pHs than those of M-SF and M-MS mixtures at early age, which lead to the sharp increase of Si 
concentrations at early age. The rapid decrease of the pHs from 7 to 28 days also causes a 
remarkable reduction of the Si concentrations in this period. The Si concentrations during the first 
7 days of hydration are in the range from 140 – 200 mg/L, higher than those of M-SF and M-MS 
mixtures. However, the concentrations from 28 - 90 days slightly decrease, which are in the same 










Figure 5.19. Na concentration (mg/L) in M-RHA systems 
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Figure 5.21. Ca concentration (mg/L) in M-RHA systems  
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Figure 5.23. Si concentration (mg/L) in M-RHA systems 
 MgO-FA systems 
a) Alkali concentrations (Na+, K+, Ca2+) 
FA contains higher calcium content than other sources of silica. The sodium and potassium 
content of FA are also higher than those of MS and RHA. The chemical composition of FA therefore 
has strong influence on the alkali concentrations of the pore solutions of M-FA mixtures as shown 
in Figure 5.24 – Figure 5.26. 
The high pHs at all ages result in different changing patterns of the alkali concentrations of M-FA 
mixtures compared to other mixtures containing SF, MS, and RHA. The concentrations of Na+, K+ 
in M-FA pore solutions increase rapidly in the early age up to 28 days of the hydration process, 
which is also seen with other silica. However, it is obvious that at later stage the concentrations 
almost remain stable. The range of sodium and potassium concentrations of the M-FA pore 
solutions are slightly less than M-SF pore solutions however higher than those of M-MS and M-
RHA pore solutions, which agrees well with the total content of each sodium and potassium oxide 
in the binder compositions. In the meanwhile, there is a minor increase in Ca concentrations in 
the pore solutions of M-FA mixtures due to the high CaO content in the FA compared to other 
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b) Magnesium concentration 
Figure 5.27 presents magnesium concentrations in the pore solutions of M-FA blends. The trend 
is very different compared to other silica sources. The Mg concentrations almost remain stable 
over the curing period, indicates very limited reactions of MgO with FA if occurred. 
The different trend has shown the strong effect of material sources on the MgO-silica reactions. 
Mg concentrations are extremely low and less than Ca concentrations, while opposite results are 
observed for mixtures using different silica source (SF, MS or RHA). The low Mg concentration is 
possibly due to the rise of pH due to the very high content of alkalis (N2O, K2O, CaO). Mg 
concentrations at all ages are almost unchanged at as low as below 5 mg/L. 
In contrast to effects of SF, MS or RHA on the MgO-silica systems, the increase of FA content in 
between 40-60% of the binder has little effect on the dissolution of MgO. The variation of Mg 
concentrations in pore solutions of M-FA samples is relatively small with increasing FA content. 
This may suggest a lower reactivity of FA compared to other sources of silica. 
c) Silicon concentration 
Figure 5.28 shows concentrations of silicon in the pore solutions of M-FA mixtures. Although the 
concentrations follow the general trend to decrease over the time, blending FA with MgO 
increases the Si concentrations in the pore solutions significantly compared to mixture of MgO 
with other silica sources. 
The pHs of M-FA pore solutions never fall below 11.30 during 90 days hydration period. Such high 
pHs resulted from the high content of alkalis compound (Na2O, K2O, CaO) is the main cause of the 
increased solubility of silicon oxide in FA. The Si concentrations in the pore solutions of M-FA 
binders are out of the range of mixtures of MgO with other sources of silica. A high range of 400-
600 mg/L is observed for Si concentrations in pore solutions of M-FA mixtures while the figures 
of binders using other silica sources vary in a much lower range of only 100- 200 mg/L. 
The significant high Si concentrations in M-FA mixtures possibly suggest reactions forming silicon 
contained hydration products. Due to the availability of CaO and the limited dissolution of MgO 
represented by very low Mg concentrations, it is likely that the silica may react with calcium 
hydroxide to form C-S-H rather than the formation of M-S-H in the M-FA mixtures.  





Figure 5.24. Na concentration (mg/L) in M-FA systems 
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Figure 5.26. Ca concentration (mg/L) in M-FA systems 
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Figure 5.28. Si concentration (mg/L) in M-FA systems 
 
 Comparison of silica source effects on the pore solutions’ pH and ion 
concentration 
To illustrate the effect of silica sources on the hydration process of M-S-H systems, figure 5.29 
shows the pH of pore solution with different silica sources at 90 days age. Each source of silica 
with its distinct features of chemical composition and morphology reacts differently in MgO-silica 
systems. 
SF, with its high amorphous content and ultrafine particle size, appears to have the highest 
reactivity indicated by the lowest pH of SF50 samples at 90 days age. Similarly, MS50 and RHA50 
samples had pH values below 10.50, suggesting the formation of M-S-H phases as a result of the 
high reactivity of MS and RHA. On the other hand, the pH of the M-FA samples were much higher 
than mixtures with other silica sources. The chemical composition of FA significantly differs from 
other sources of silica with a lower proportion of amorphous silica but high proportions of 
impurities. In addition, SEM images (Chapter 3) show coarse spherical particles of FA with a less 
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affect the reactivity of FA and the pH of the pore solutions, which reflect the poor formation of M-
S-H phases in M-FA mixtures. 
 
Figure 5.29. Pore solutions’ pHs with different silica sources at 90 days age 
Figure 5.30 compares Mg ion concentrations of the pore solutions with four silica sources at 90 
days age. The highest concentration of Mg ions were found with SF50 samples which agrees well 
with the high reactivity of SF resulting in lowest pH, and greatest solubility of Mg2+, as shown in 
Figure 5.29. Other highly reactive silica of MS and RHA also resulted in high Mg concentrations 
indicating the reactions to from M-S-H phases. In contrast, M-FA mixtures showed extremely low 
Mg concentrations in the pore solutions. This result reveals the poor dissolution of MgO, possibly 
results from the high pH of the FA mixtures. The low Mg concentrations also indicate the low 
reactivity of this type of FA, leading to the poor formation of M-S-H phases. 
Si ion concentrations of the pore solutions with four silica sources at 90 days age are shown in 
Figure 5.31, which agrees with the measured pH values (Figure 5.29) and Mg concentrations 
(Figure 5.30). The high pH of M-FA mixtures increased the dissolution of silica, however lowered 
the dissolution of MgO. Meanwhile, mixtures with other silica (SF, MS, RHA) showed similar Si 
concentrations after 90 days age. The low Si concentrations in these mixtures with highly reactive 
silica sources (SF, MS, RHA) could be attributed to the consumption of a large amount of SiO2 in 
the reactions with brucite to form M-S-H phases. The effects of material sources discussed herein 
also agree with the results of microstructure study (chapter 4) and compressive strength test 





















































































M-S-H binder systems using different silica sources and MgO/Silica ratios have been prepared to 
analyze chemical composition and pH of the pore solutions extracted from the paste samples. 
Based on experimental results of the selected materials, a further understanding of the hydration 
process of M-S-H binders has been provided. 
Pore solutions of M-S-H binders are naturally alkaline. The pHs strongly depend on the reactivity 
and alkali content of the raw materials. For MgO-silica binders using highly reactive silica sources 
(SF, MS, RHA), pHs at 2 days age are generally high in the range of 10.50 – 11.70 due to the 
hydration of MgO and the effect of soluble alkalis. The pHs decrease to well below 10.50 from 7 
days to 90 days as a result of the formation of M-S-H phases. An increase in silica content lowers 
the MgO and alkalis content hence lowering the pH of the resulting binders. 
SF is most effective in reducing pH of the pore solutions of the M-S-H binders compared to other 
silica. FA contains high content of sodium, potassium and calcium, which results in high pHs of the 
pore solutions to above 11.00. The high pHs may severely reduce the dissolution of MgO and the 
formation of M-S-H phases. 
ICP-MS analysis shows strong influences of binder chemical compositions on the ion 
concentrations of the pore solutions. Dominant ions available in the MgO-silica mixtures include 
sodium, potassium, calcium, magnesium and silicon. The measured ion concentrations reflect the 
solubility of the binder constituents. All M-S-H systems show very high sodium and potassium 
concentrations due to the effect of soluble alkalis in the binders while calcium concentrations are 
generally below 50 mg/L. 
The formation of M-S-H phases can be associated with changes in the ion concentrations. The 
reaction mechanism involves the increasing of magnesium concentrations along with the 
decrease of silicon concentrations under the low pH environment. 
Highly reactive silica sources containing low alkali content (SF, MS, RHA) accelerate MgO-silica 
reactions. Ion concentrations at 90 days in such systems are in between 100-300 mg/L (Mg) and 
100 mg/L (Si). FA, generally less reactive and with a high pH, significantly limits the formation of 
M-S-H due to its adverse effect on the dissolution of MgO although remarkably increases silica 
concentrations. This large variation of ion concentrations of the pore solutions reflects a strong 
influence of material source on the properties of M-S-H binder systems. 
The general trend of increasing Mg concentration and decreasing Si concentration during 7-90 
days indicates this is the main period for the formation of M-S-H phases. This slow reaction 
mechanism and the increased Mg concentrations at later stage may be vulnerable to the 
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6. CHAPTER 6                                                                            
OPTIMIZATION OF BINDER COMPOSITIONS FOR STRENGTH 
AND WORKABILITY OF MAGNESIUM SILICATE HYDRATE 
BINDER SYSTEMS 
 
Tran, H. M., & Scott, A. (2017). Strength and workability of magnesium silicate hydrate binder 
systems. Construction and Building Materials, 131, 526-535. 
Preamble 
In previous chapters, the microstructures and pore solution analysis were performed to 
characterize the reaction mechanism of M-S-H binders. Chapter 4 examined the hydration process 
and microstructures of the M-S-H pastes in which XRD and SEM/EDS analysis were presented. 
The reaction mechanism of the formation of the hydration products, hydration rate, and texture 
properties were discussed. In addition, the critical influence of the material sources and the binder 
compositions on the hydration products was evaluated. On the other hand, Chapter 5 provided 
the understanding of the pH development and ion concentrations of the pore solutions of the M-
S-H cement pastes. The measured pHs and concentrations of alkalis, magnesium, and silicon 
showed the effect of pHs on the dissolution of reactive MgO and silica, which have a strong 
influence on the formation of the binding phases and the durability of the M-S-H binders. 
Experimental results in chapter 4 and chapter 5 have confirmed the formation of M-S-H phases at 
room temperatures which is the basis for the development of M-S-H binder systems. Nonetheless, 
the application of any new binder is questionable if the desired strength and workability cannot 
be achieved and the limitation of M-S-H binders in strength and workability appears to exist in 
the literature.  
This chapter discusses the optimization to achieve the desired strength and workability of 
mixtures of MgO and silica fume. Different binder compositions designed for pastes and mortars 
were compared to achieve normal to high strength and workable M-S-H cementitious materials. 
Ternary systems were proposed in combination with the use of polymer-based superplasticizer 
to overcome the existing limits of the strength and workability of M-S-H binder systems. 
 





This chapter discusses the optimization of magnesium silicate hydrate (M-S-H) binder systems to 
achieve desirable strength and workability properties of cement paste and mortar. The binary 
systems contain magnesia and silica fume in which each constituent accounts for 40-60% by mass 
of the binder. The ternary systems include 10 to 40% very fine crushed quartz which is used as a 
fine filler for the partial replacement for the cementitious materials. It was found that the pure M-
S-H binder system has a much higher water demand compared to Portland cement due to the very 
high silica fume content. The use of polymer-based superplasticizer effectively reduced water to 
cementitious materials ratio (w/c) for M-S-H binder system. The optimal binary binder 
composition for strength and workability was found to contain 60% magnesium and 40% silica 
fume (Mg/Si molar ratio =2.25). The addition of very fine crushed quartz filler from 10-40%, as a 
partial replacement for the magnesia and silica fume, further improved the rheology of the 
mixture allowing for a workable mix with a w/c = 0.30. The highest compressive strength of 


















The formation of the magnesium silicate hydrate (M-S-H) was first discovered in 1953 during an 
investigation on the deterioration mechanism of concrete in sea water (Cole, 1953). M-S-H 
formation since then had been generally considered a detrimental phenomenon associated with 
sulphate attack on concrete (Bonen and Cohen, 1992a, 1992b; Bonen, 1992; Gollop and Taylor, 
1996) and attracted little research interest as cementitious materials. Based on microstructure 
analysis, potential chemical reactions forming M-S-H gel at room temperature were suggested as 
follows (Li et al., 2014; Zhang et al., 2014): 
3Mg2+ + 6OH- + 4SiO2→Mg3Si4O10(OH)2 + 2H2O    (1) 
3Mg2+ + 6OH- + 2SiO2→Mg3Si2O5(OH)4 + H2O     (2) 
8MgO + 8SiO2 + 16H2O→M8Si8O20(OH)8.12H2O    (3) 
The microstructure and chemical composition of M-S-H are related to the ratio of reactants and 
hydrothermal curing regimes. The M-S-H formed in sulphate attack of concrete was reported to 
have high Mg/Si molar ratio of between 1.0-4.0 (Cole, 1953; Bonen and Cohen, 1992a, 1992b).  
However, most of synthesized M-S-H gel in paste samples have lower Mg/Si ratio of between 0.67-
1.5 (Mitsuda and Taguchi, 1977; Brew and Glasser, 2005; Wei et al., 2006; Zhang et al., 2014; 
Lothenbach et al, 2015; Roosz et al., 2015) which suggests that the optimal formation of M-S-H gel 
without residual brucite can be obtained when the MgO content accounts for 30-50% of the MgO-
SiO2 mixtures. Furthermore, higher Mg/Si ratio of M-S-H gel has been found at elevated 
temperature (Wei et al., 2011). The M-S-H microstructure consists of disordered intermediate 
phases and resembles the formation of talc (Mg/Si=0.75), serpentine or chrysotile (Mg/Si=1.5), 
or deweylite at Mg/Si ratios between 0.75-1.50 (Mitsuda and Taguchi, 1977). 
Results from studies on the mechanical properties of M-S-H system in cementitious materials are 
quite varied and dependent on mix proportions and materials sources (Wei et al., 2006; Zhang et 
al., 2012a, 2012b, 2014; Jin and A. Al-Tabbaa, 2014; Walling et al., 2015). Wei et al (2006) 
prepared M-S-H binder mortars containing 60-90% reactive MgO (10-40% silica fume) whereby 
the mortar mix with M-S-H binder containing 70% MgO obtained the highest 28 day compressive 
strength result of 57.4 MPa. In such case, the MgO/SiO2 ratio for optimal M-S-H gel formation did 
not result in the highest strength. In contrast, Jin and Al-Tabbaa (2014) have shown that 
compressive strength increases with increasing silica content in the range of 0 to 50% and this 
was despite an increase in w/c ratio at the higher silica replacement levels.  The highest 




compressive strength of 70 MPa at 28 days for a M-S-H binder mixture was reported by Zhang et 
al (2012b) in which the M-S-H binder system contained 20% MgO, 5% MgCO3, 25% silica fume 
(SF) and 50% quart sand filler. Apart from these encouraging experimental results, other studies 
report poor compressive strengths for magnesium silicate hydrate binder system (Walling et al., 
2015). In addition to the limited strength, one of the greatest challenges faced in the development 
of a M-S-H binder system compared to Portland cement (PC) is the very high water demand and 
poor workability of the binder, primarily due to fineness of SF and cell lattice structure of reactive 
magnesia (Eubank, 1951; Zhang et al., 2009).  
The primary aim of this investigation is to develop an optimal composition based on the 
workability and compressive strength characteristics of M-S-H binder systems. In the first stage, 
the effects of superplasticizers type, dosage and MgO/SiO2 ratios (in the range of 40:60 to 60:40) 
on water demand and strength were determined for a binary system of magnesia and SF. The 
MgO/SiO2 range used in this study was chosen based on the variability of results found in the 
available literature and the high compressive strength in excess of 60 MPa achieved for the 40:60 
MgO/SiO2 mix (Zhang et al., 2014). The second stage involved replacing a portion of the Mg/SiO2 
binder with crushed quartz filler to produce a ternary system (MgO-SF-QF) with a low water 
demand for high compressive strength. 
 EXPERIMENTAL PROGRAMME 
 Materials 
Binder compositions include reactive magnesium oxide and silica fume. Crushed quartz filler (QF) 
was ground in a ring mill from local quartz sand until obtaining desired particle size. Quartz sand 
(S) is a local fine aggregate. Two superplasticizers were used in this investigation; Viscocrete-5-
555 (liquid), a third generation polymer-based superplasticizer was provided by Sika NZ and 
sodium hexametaphosphate (SHMP), an inorganic superplasticizer supplied by Ajax Chemicals 
(Australia) with chemical formula Na(PO3)n.Na2O. Chemical compositions and particle sizes of the 
materials are presented in Chapter 3. 
 Optimization of superplasticizer dosage 
The use of superplasticizers is crucial to reduce water demand and improve both the strength and 
workability of the mix. For these reasons, tests with superplasticizers were performed to optimize 
superplasticizer dosages for M-S-H binder. Viscocrete-5-555, a polymer-based superplasticizer 
was selected and compared to an inorganic superplasticizer (Sodium hexametaphosphate). The 
superplasticizer dosage optimization procedure is described as follows: 




• Step 1: Prepare a set of containers with each container contained 50 g binder (40% MgO 
+ 60% SF) dry mixed until homogeneous. 
• Step 2: Place superplasticizer into each container. The superplasticizer dosage was 
increased from 0 to 5% by 1% unit increments. 
Step 3: Gradually add water in each container while slightly stirring until obtaining a 
flowable / self-levelling paste that has a specified flow of 150±5 mm as per ASTM C1437 
without tamping. The amount of water poured into each container was recorded with an 
accuracy of ±1 ml. The superplasticizer efficiency was calculated based on the amount of 
added water including the water content contained in the superplasticizer. The mixture 
containing the lowest water content indicated optimal superplasticizer dosage. 
 Mix proportions 
Three MgO/SiO2 ratios (by mass) were selected and listed in Table 6.1. The low MgO/SiO2 system 
(MgO/SiO2 = 40/60) provided a high SF content binder to facilitate the formation of M-S-H gel 
(Brew and Glasser, 2005; Zhang et al., 2014). The high MgO/SiO2 system (MgO/SiO2 = 60/40) 
provided a greater portion of MgO particles, which are coarser than SF, with the intention of 
improving the packing density of the binder despite the possible reduction in the formation of M-
S-H gel. In cases of higher MgO content, the hydration products might contain residual brucite 
(Mg(OH)2) and in such conditions, both brucite and M-S-H gel would co-exist in the hardened 
concrete as cementing materials. The selection of the high MgO, low SF mix was also intended to 
reduce the detrimental workability effects associated with a high SF content. 
Table 6.1. MgO/SiO2 ratios (by mass) and Mg/Si molar ratios of M-S-H systems  
MgO/SiO2 by mass 40:60 50:50 60:40 
Mg/Si molar ratio 1.00 1.50 2.25 
 
Five series resulting in a total of 21 mixtures were prepared for compressive strength testing. The 
mix proportions, listed in Table 6.2 are described as follows: 
 
 




Table 6.2. Mix proportions of M-S-H paste and mortar 
















(s) MgO SF QF 
1 S1.60 0.40 0.60 - - 0.40 - 3% 145 29.9 0.68 
2 S1.50 0.50 0.50 - - 0.40 - 3% 150 39.3 1.25 
3 S1.40 0.60 0.40 - - 0.40 - 3% 157 42.8 1.87 
4 S2.60 0.40 0.60 - 0.50 0.45 - 3% 125 25.9 0.20 
5 S2.50 0.50 0.50 - 0.50 0.45 - 3% 147 29.4 1.39 
6 S2.40 0.60 0.40 - 0.50 0.45 - 3% 160 36.3 0.68 
7 S3.0 0.40 0.60 0 0.50 0.45 0.45 3% 125 25.9 0.20 
8 S3.10 0.36 0.54 0.10 0.50 0.41 0.37 3% 125 33.3 1.83 
9 S3.20 0.32 0.48 0.20 0.50 0.45 0.34 3% 124 33.4 1.30 
10 S3.30 0.28 0.42 0.30 0.50 0.40 0.27 3% 125 39.2 1.21 
11 S3.40 0.24 0.36 0.40 0.50 0.42 0.25 3% 127 43.0 1.14 
12 S4.0 0.50 0.50 0 0.50 0.38 0.38 3% 121 42.1 1.18 
13 S4.10 0.45 0.45 0.10 0.50 0.34 0.31 3% 122 54.1 1.73 
14 S4.20 0.40 0.40 0.20 0.50 0.35 0.28 3% 124 68.9 0.90 
15 S4.30 0.35 0.35 0.30 0.50 0.36 0.25 3% 122 64.6 0.72 
16 S4.40 0.30 0.30 0.40 0.50 0.38 0.23 3% 121 56.9 1.87 
17 S5.0 0.60 0.40 0 0.50 0.36 0.36 3% 124 43.7 0.83 
18 S5.10 0.54 0.36 0.10 0.50 0.30 0.27 3% 121 85.0 0.85 
19 S5.20 0.48 0.32 0.20 0.50 0.31 0.25 3% 120 83.1 2.11 
20 S5.30 0.42 0.28 0.30 0.50 0.33 0.23 3% 122 84.3 1.51 
21 S5.40 0.36 0.24 0.40 0.50 0.35 0.21 3% 121 87.3 1.10 
 w/c = mass of water / mass of (MgO +SF) 
 w/s = mass of water / mass of (MgO+SF+QF) 
 Series 1 included three M-S-H paste mixtures in with a water/cement (w/c) ratio of 0.40 
and using a 3% polymer-based superplasticizer to achieve adequate workability. Mixes 
were labeled S1.40-S1.60 in accordance with silica fume content (%) by mass in the 
binder.   
 Series 2 produced three M-S-H mortar mixtures in which quartz sand was used as fine 
aggregate to reduce shrinkage. A fixed amount of sand was selected (Sand to binder ratio, 
S/c = 0.5). The w/c required for workability increased to 0.45 with the use of 3% polymer-
based superplasticizer. Mixes were labeled S2.40-S2.60 in accordance with silica fume 
content (%) by mass in the binder.   




 Series 3 (mixes labeled S3.0-S3.40), series 4 (mixes labeled S4.0-S4.40) and series 5 (mixes 
labeled S5.0-S5.40) added crushed quartz filler (QF) to binary systems to form ternary 
systems of MgO-SF-QF (solids). The MgO/SiO2 ratio in each series was 40/60 (Series 3), 
50/50 (Series 4), and 40/60 (Series 5) while the crushed quartz filler increased from 0-
40% to replace (MgO+SF) content in 10% increments. An amount of unground quartz sand 
content (S/(MgO+SF+QF) = 0.5) was included in the mortar to reduce shrinkage and 
improve packing density. To evaluate water reduction effect of crushed quartz filler, a 
fixed flow of 120-125 mm was selected for minimum workability whereby the water to 
solids ratio (w/s), which included the MgO, SF and QF, was modified corresponding to the 
variation of crushed quartz filler content. 
 Sample preparation and testing methods 
The workability of the mixes was measured by flow test following ASTM C 1437. Compressive 
strength tests were performed according to ASTM C 109 using 50×50×50 mm cubes. Details of the 
testing methods are described in Chapter 3. 
The microstructures were investigated using SEM and XRD methods. SEM analysis was performed 
on the three sets of hydrate paste samples after 28 days using a JEOL 6400 Scanning Electron 
Microscope. The development of hydration products of the paste samples was monitored at 1 day 
and 28 days by XRD using a Philips PW1729 X-ray diffractometer (Cu, 50kV/40mA) with a 3 to 
70o 2Θ scan range. The fresh paste samples were sealed in 50 ml containers immediately after 
mixing and stored at 20oC until testing age.  
 OPTIMAL SUPERPLASTICIZER DOSAGES 
The effects of superplasticizer type and dosage on the fluidity of a 40% MgO-60% SF binder are 
provided in Figure 6.1. The 1% dosage of inorganic superplasticizer SMHP was chosen for the 
optimal water reduction effect as reported in previous studies (Zhang et al., 2014; Walling et al., 
2015). In the current investigation the use of 1% SHMP resulted in a 22% reduction in the water 
demand for the M-S-H binder system. The optimal superplasticizer dosage of Viscocrete 5-555 
was found to be approximately 3-4% by binder (about 1-1.5% solids) for which the water demand 
was reduced up to 41%. Viscocrete-5-555 at a dosage of 3% was therefore shown to provide 
sufficient water reduction and used in the comparison for all the M-S-H mixes. 





Figure 6.1. Water content for binder composed of MgO-SF (40%-60%) 
 
The optimal superplasticizer content for 40% MgO-60% SF mixture was utilized for all other MgO-
SF binder mixtures, although it is acknowledged that the superplasticizer content required for 
another mix (e.g. MgO-SF of 60%-40%) might be different. It was predicted that the decrease of 
silica fume content from 60% to 40% would lead to the improved workability due to the 
replacement of microfine silica fume particles with coarser MgO particles. Therefore, the SP 
dosage of 3% of the binder by mass might result in better workability for mixing and moulding 
samples with MgO/SF ratios other than 40/60. The test results (Figure 6.2) have proved this effect 
and no superplasticizer adjustment was required. 
 
 PROPERTIES OF M-S-H BINARY SYSTEM (MgO-SiO2) 
 Influence of specific gravity on w/c of M-S-H binder 
SF has a lower specific gravity (S.G) and bulk density than PC. Thus the high SF content in M-S-H 
binder composition results in a lighter M-S-H binder, compared to PC. The significant difference 
of specific gravities of M-S-H binder and PC leads to a variations in the w/c ratio of the two systems 
for a constant water content. Considering M-S-H and PC mixtures of a fixed binder volume (V), 











==          (4) 
Where: 
V  =absolute volume of the binder 
MM-S-H = mass of M-S-H binder in a binder volume of V 
MPC  = mass of PC binder in a binder volume of V 






















S.GPC = specific gravity of PC 












=          (5) 
 
By rearranging equation (5), the difference in water to binder ratio by mass is: 












=         (6) 
where 
(w/c)MSH = water to cementitious materials ratio of M-S-H binder mix 
(w/c)PC = water to cement ratio of PC mix 
 
Equation (6) shows that the deviation of w/c of M-S-H binder and PC is dependent on the ratio of 
specific gravities. The decrease of the specific gravity of M-S-H binder leads to an increase of 
(w/c)M-S-H compared to (w/c)PC. Deviations of w/c for various M-S-H binder compositions 
corresponding to four (w/c)PC ratios ranging from 0.20-0.40 are presented in Table 6.3. The 
relative densities of MgO, SF and PC are taken as 3.15, 2.20 and 3.14, respectively. 
When comparing different binder systems it is important therefore to consider the influence of 
the specific gravity on the volume of the paste produced. Using a fixed w/c ratio will result in a 
greater volume of paste and lower volume of sand in a M-S-H mortar system compared to a PC 
system. Conversely, to maintain the same volume of paste and w/c ratio in a M-S-H system both 
the mass of water and mass of binder would need to be reduced. Reducing the total water content 
for instance is likely to have a detrimental effect on the workability of the material. 
Table 6.3. Deviation of w/cm of PC and M-S-H binder (at fixed water and paste volume) 
Binder system Relative density w/c 
PC 3.14 0.20 0.30 0.40 0.50 
MgO/SF=60/40 2.77 0.23 0.34 0.45 0.57 
MgO/SF=50/50 2.68 0.23 0.35 0.47 0.59 
MgO/SF=40/60 2.58 0.24 0.37 0.49 0.61 
 
In this investigation all mix designs are based on a fixed ratio if the mass of water to binder and 
the volume paste is allowed to vary. 




 Flow test 
The use of large volumes of SF results in a high water demand and stickiness, producing a less 
workable mix (FIB, 1988). The workability of M-S-H binder is of utmost importance if it is 
eventually to be used as a construction material and must be optimized to at low water content to 
ensure sufficient compaction for high strength. 
Binder 
systems 












   
Figure 6.2. Fresh and hardened M-S-H pastes with different SF content (at w/cm=0.40 and 3% 
Viscocrete-5-555 superplasticizer) 
 
Figure 6.2 shows the workability of paste mixes with various SF contents. Images (before and after 
flow tests) illustrate a significant improvement of workability as SF content decreases. An increase 
in stickiness was identified in higher SF mixes (images before testing). The high SF content 
mixture (60% SF) dried out very quickly, was difficult to finish and was vulnerable to plastic 
shrinkage, requiring moist cure right after casting to avoid cracking. The poor workability of the 
mix containing high SF content (60%) also affected compaction and resulted in compaction 
defects on the surfaces of the cubes after demoulding. 




Figure 6.3 shows the flow of samples of series 1 and series 2, indicating a significant decrease in 
workability corresponding to an increase in SF content. Paste and mortar samples containing 
highest SF content (60%) had the lowest flows of only 140 mm (paste) and 125 mm (mortar). On 
the other hand, there is a significant improvement of workability as SF content reduced to 40%, 
illustrated by the increase of flow to 157 mm (paste) and 163 mm (mortar). Mixes containing low 
SF content (40%-50% binder) achieve better workability and therefore can be developed for low 
water content M-S-H binder. 
 
 
Figure 6.3. Effect of SF content on flow of M-S-H binder 
 Microstructure analysis 
As the objective of this chapter is to study the workability and strength of M-S-H cement pastes 
and mortars in the early ages, the SEM and XRD results up to 28 days are presented. Preliminary 
studies have shown the high strength of mixtures using SF, rather than other silica sources. 
Accordingly, only M-SF mixtures are discussed herein in search for the optimal M-SF binder 
composition to provide the highest strength. A more comprehensive study of the microstructures 
of M-S-H binders with different silica sources and long-term curing up to 365 days was discussed 
in chapter 4. 
SEM analysis was performed to investigate the effect of binder’s morphology on the rheology of 
the paste and mortar. The SEM images provided information on the binder particle size, shape and 
surface texture, as shown in Figure 6.4. 
The angular and rough surface of the MgO particles, as shown in Figure 6.4(a) and Figure 6.4(b) 
will result in generally poor workability. The relatively large particle size of d50 = 9 µm of the MgO 
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component of the binder. The high MgO content mixture (60% MgO-40%SF) therefore showed 
higher flow than other MgO-SF combinations. 
 
         
                                    (a)                                                                               (b)  
         
                                   (c)                                                                               (d) 
Figure 6.4. SEM images of magnesium oxide (a), (b) and condensed SF (c), (d). 
The particle size distribution analyzed by laser diffraction shows that condensed SF contains 
agglomerates (d50 ≈ 88 µm). However, the mixing procedure breaks up these agglomerates 
resulting in original SF particles with d50 observed at about 0.10 µm. Despite the advantage of 
spherical shape (Figure 6.4(c), Figure 6.4(d)), the fineness of SF is the main cause of the very high 
water demand of M-S-H binder. The optimal binder composition for workability, mixing and 
vibration compaction is found to contain lowest SF content of 40% (Mg/Si molar ratio =2.25). 




                 
      (a): M100SF0 (100%MgO)                                        (b):  M40SF60 (40%MgO-60%SF) 
               
      (c): M50SF50 (50%MgO-50%SF)                             (d): M60SF40 (60%MgO-40%SF)                                                                
Figure 6.5. SEM images of brucite and M-S-H pastes at 28 days age (w/c=0.40) 
The microstructure of brucite and M-S-H pastes at 28 days age is shown in Figure 6.5. Four 
mixtures were prepared in sealed tubes and cured at ambient conditions. Formation of brucite 
with thin platelets and layers structure were observed with mixture M100SF0 containing 100% 
MgO (Figure 6.5(a)). All other mixtures show the formation of M-S-H gel with presence of brucite 
and unreacted silica fume particles, indicating that the hydration was not completed at 28 days 
age. The slow reaction of MgO and SF possibly results in a low early strength but increased long-
term strength for M-S-H binder compared to Portland cement as seen in previous studies (Zhang 
et al., 2012a, 2012b). With continued hydration the long-term strength of the mortar samples 
presented in this investigation is expected to increase considerably. There is an improvement of 
the homogeneity and density of the pastes as the SF content decreased. Sample Mg/SF=40/60 
shows a relatively large pore structure compared to samples Mg/SF=50/50 and Mg/SF-60/40 
with lower SF content. 





a) 1 day results 
 
b) 28 day results 
Figure 6.6. XRD results after 1 and 28 days hydration. (B – brucite, M – MgO, Q – Quartz SiO2) 
XRD results of all of the paste samples presented in Figure 6.6 show distinct brucite peaks, 
regardless of the MgO/SiO2 ratio after 1 day of hydration. The intensity of the peaks however 
diminishes with a decrease in the MgO content. The broad peaks of the amorphous silica fume are 
evident in all the samples between approximately 20 and 30 o (2Θ). In addition to the brucite and 
MgO, the Mg/SF=40/60 paste sample also has a peak indicating crystalline SiO2 which is not 
present in the samples with lower proportions of silica. After 28 days the majority of the brucite 




has been consumed in the Mg/SF=40/60 sample while in the Mg/SF=50/50 and the Mg/SF-60/40 
samples brucite is still clearly present. The broad peaks around 36o (2Θ) are indicative of 
amorphous M-S-H gel (Zhang et al., 2014) and are visible in all three samples at 28 days. 
 Compressive strength 
Due to the fineness, low density and high water demand, the SF content affects both physical and 
chemical properties of M-S-H binder. Therefore, even a minor change in MgO/SiO2 ratio influences 
the strength of hardened mixtures as a result of the following properties: 
 An increase in the SF content decrease binder specific gravity; 
 Change of Mg/Si molar ratio affects the proportions of M-S-H gel and brucite in the 
hydration products; 
 High SF content decreases workability and packing density of the mixture, as it was 
demonstrated that the dominance of fine particles generally reduce packing density 
compared to the case where coarse particles are dominant (Stovall et al., 1986; Larrard 
and Sedran, 1994; Larrard, 1999). 
 
Figure 6.7. Compressive strength of M-S-H paste and mortar (at w/cm = 0.40 and 3% Viscocrete-5-
555) 
Figure 6.7 presents the compressive strength of Series 1 (paste) and Series 2 (mortar) samples 
using M-S-H binary binder system (MgO+SF). The MgO/SiO2 ratio significantly affects 28-day 
compressive strength of all samples. In Series 1, mix S1.60 containing 40% MgO-60% SF obtained 
compressive strength of only 29.9 MPa. Surprisingly, as the SF content was reduced the 
compressive strength increases to the highest strength of 42.8 MPa for the mix S1.40 containing 
60% MgO–40% SF. Zhang et al. (2014) have shown that in the excess of SF, the major hydration 


































Therefore the low strength of the high SF content mix might result from the very low packing 
density. Furthermore, both M-S-H gel and brucite (Mg(OH)2) are present as hydration products 
and contribute to the strength of high MgO content mixes. 
Series 2 includes M-S-H mortar mixtures with quartz sand to reduce shrinkage cracking. Due to 
the addition of quartz sand aggregate, the w/c was increased to 0.45 to achieve the desired 
workability. The increase of w/c to 0.45 lead to strength reductions of all mixes in Series 2 
compared to Series 1. However, the two series exhibit a similar relation between the SF content 
and compressive strength. The 28-day compressive strength was only 25.9 MPa with mortar mix 
S2.60 containing the highest SF content (40% MgO-60% SF) while mortar mix S2.40 containing 
60% MgO-40% SF achieved the highest compressive strength of 36.3 MPa. 
 PROPERTIES OF TERNARY SYSTEMS MgO-SF-QF 
 Effect of crushed quartz filler on water reduction 
The idea of adding crushed quartz filler to M-S-H binder was derived from a study of Portland 
cement replacement with quartz filler to improve the rheology (Daukšys, 2010) due to the lower 
water absorption and smooth texture of finely ground quartz particles. 
Figure 6.8 and Figure 6.9 show the reduction in water associated with adding crushed quartz filler 
to maintain a fixed flow of MgO-SF-QF ternary systems (Series 3, 4, 5). The replacement of 
cementitous materials by crushed quartz filler improves rheology considerably, expressed by the 
reduction of water content while maintaining a minimum flow of 120-125 mm for workability. 
The amount of reduced water is proportional to the increase of filler content from 10-40%. It is 
possible to achieve a low range w/s of 0.21-0.27 while maintaining workability by the use of 
crushed quartz filler. However, the reduction of w/s did not reduced w/c ratios in all samples. 
Mixes S5.10, S5.20 showed the lowest w/c of 0.30 were obtained by adding 10-20% of crushed 
quartz filler. Also, it’s agreed that a minimum w/s ratio of 0.36 is required to react with the 
40%MgO-60%SF sample to form M-S-H gel (Zhang et al., 2014), sufficient water was provided 
during the hydration process as water curing was applied in the experiments. 





Figure 6.8. Change in w/s at 0-40% crushed quartz filler and fixed flow 
 
Figure 6.9. Change in w/cm at 0-40% crushed quartz filler and fixed flow 
 
The shape and surface texture of the finely ground quartz filler is clearly show in Figure 6.10. The 
crushed quartz filler was ground in a ring mill to achieve a particle size of d50 = 21 µm. This particle 
size of crushed quartz is much larger than SF and also larger than magnesium particles. The 
particle size of the original SF is a function of its production process and not possible to change. 
An increase in magnesium particle size to improve workability would reduce its reactivity and 
consequently weaken the strength of the binder. Thus, a partial replacement of the MgO and SF 
with the coarser particle size of crushed quartz filler was able to effectively reduce the overall 






























































ground quartz filler was offset by the smooth surface texture reducing the water demand and the 
stickiness of the mix caused by the high SF content.  
        
Figure 6.10. SEM images of finely crushed quartz 
 Compressive strength 
The compressive strength of the mortar samples from series 3, 4 and 5 is compared against the 
percentage replaced by crushed quartz filler and w/s ratio in Figures 6.11 and Figure 6.12 
respectively. The crushed quartz filler content was increased from 0-40% with an accompanying 
adjustment in the water content to maintain a fixed flow of 120-125 mm. 
 
Figure 6.11. Effect of crushed quartz content on compressive strength of M-S-H ternary systems (at 





































Figure 6.12. Effect of w/s to compressive strength of ternary M-S-H mortar 
The crushed quartz filler content was found to considerably affect the strength of M-S-H samples 
in all testing series. For samples in Series 3 where MgO/SiO2 was held at low ratio of 40/60 to 
optimize the formation of M-S-H gel, samples without fillers have the lowest compressive 
strength. The optimal M-S-H gel volume formed from high cementitious materials (MgO+SF) did 
not compensate for the loss of strength due to high porosity and poor packing density caused by 
high SF and water content, resulting in a 28-day compressive strength of only 25.9 MPa. The 
introduction of filler content, although at a minimum content of 10%, reduced the w/s from 0.45 
(without filler) to 0.37, and increases compressive strength to 33.3 MPa. The change in w/c ratio 
was less dramatic but still noticeable with a decrease from 0.45 to 0.41. The compressive strength 
is proportional to the increase of filler content, due to coupling effect of water reduction, generally 
resulting in decreased w/c, and improved packing density. It should be noted that the highest 
compressive strength of 43 MPa was obtained with mix containing 40% crushed quartz filler 
where the w/c ratio was 0.42 compared to the 30% crushed quartz filler mix which had a w/c of 
0.39 and a compressive strength of 39 MPa.  
Series 4 samples exhibited higher strength than series 3 at the same replacement percentage of 
cementitious materials (MgO+SF). The strength increase is achieved from a further water 
reduction effect due to lower SF contents. The introduction of crushed quartz filler from 10-40% 
can reduce w/s from 0.375 to 0.23. This water reduction results in improved packing density and 































Filler content of over 20% reduces strength as the overdosage of filler reduces gel volume, 
resulting in the segregation of cementitious materials (ACI, 2006). 
The optimum binder composition for strength and workability was observed within Series 5 
samples (MgO/SiO2 = 60/40, Mg/Si molar ratio = 2.25). Samples without filler, although 
containing highest M-S-H gel volume, require the highest water content in the series (w/s=0.36) 
and obtain the lowest compressive strength of 43.7 MPa. The introduction of filler content, at only 
10%, reduces water content dramatically to w/s=0.27 and impressively increases compressive 
strength to 85 MPa. Further increase of filler content to 40% results in higher reduction of water 
content to as low as w/s=0.21 with only a marginal increase of compressive strength to 87 MPa. 
It is obvious that ternary systems of MgO-SF-QF have higher compressive strength compared to 
binary system MgO-SF. Crushed quart filler is mainly “inert” at room temperature and primarily 
contributed to the increased strength through an improved packing density and workability in M-
S-H ternary system (MgO-SF-QF). Benezet and Benhassaine (1999) however, note that fine quartz 
powder less than 5 µm displays pozzolanic properties when reacted with lime at 100oC. Some 
limited pozzolanic reaction between the very fine portion of the crushed quartz filler and Mg/SF 
binder may be possible. 
The effective range of w/s to achieve the highest strength in each series can be clearly seen in 
Figure 6.12. As the total water content and w/s in the mix decrease, there is an increase in 
strength, with the exception of two mixes in series 4 (S4.30 and S4.40). These two mixes include 
very high filler content at 30-40% in which the decrease of water content might not compensate 
for the strength loss due to the reduction of cementitious materials (MgO + SF). To achieve a 
compressive strength over 80 MPa, the mortar mixtures required low SF content (MgO/SiO2 = 
60/40) in combination with low water content of w/s = 0.21-0.27 (equivalent to w/c = 0.30-0.35 
from Table 6.2). 
 OPTIMAL BINDER COMPOSITION 
It can be seen in Figure 6.13, that there is no common agreed binder composition for the optimal 
strength of M-S-H-based materials. Jin and Al-Tabbaa (2014) mixed MgO-SF pastes containing 0-
50% SF at very high water content (w/cm=0.87) and obtained optimal strength with high SF 
content mix (50% MgO – 50% SF). Although the mix of high SF content has very poor packing 
density, it appears that the dominance of M-S-H gel controlled the strength. 
On the other hand, in a study by Wei et al. (2006) mixing mortars with MgO-SF binder containing 
10 - 40% SF (w/cm=0.50), the mix containing 30% SF resulted in higher compressive strength 




than mix containing 40% SF. Considerable care however must be taken when comparing the 
results from different researchers as the source and preparation method of the magnesium oxide 
can have a significant effect on its reactivity and the strength development of the M-S-H system. 
Jin et al. (2013) have shown difference in reactivities of over an order of magnitude between 
various types of MgO. Some of the differences observed in the various properties of the concrete 
therefore may be due to the particular properties of the MgO rather than a result of differences in 
the MgO/SiO2 ratios or even the w/c ratios. 
 
 
Figure 6.13. SF content and compressive strength of M-S-H paste (Series 1, 2) and mortar (QF0-
QF40 denotes mortar samples containing 0-40% QF) 
 
The experimental study in this paper also shows that high SF content mix did not always results 
in higher strength. High SF content binder might contain unreacted SF particles in low water 
content mixtures, resulting in poor particle packing and reduced strength.  
From the testing of both binary and ternary systems it was observed that with mixture of 60/40 
MgO/SF provided the greatest strength compared to the 40/60 MgO/SF ratio as required by 
stoichiometry for chemical reactions to form M-S-H gel. The optimal binder composition, 
therefore, is dependent not only on the MgO/SiO2 ratio for maximum formation of M-S-H gel, but 
also the MgO/SiO2 ratio for maximum packing density characterized by particle size and shape of 
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resulted in a considerable improvements to the workability which produced more consolidated 
less porous samples. Compressive strengths of QF20 and QF30 samples indicate the optimal 
replacement of crushed quartz filler was between 20-30%. 
It should be noted that the optimization in this chapter was done for M-SF mixtures only and the 
optimal binder composition for the compressive strength is yet strongly dependent on the silica 
sources. A more detailed experimental programme using four silica sources is presented in 
chapter 7, mixtures of MgO and other amorphous silica such as MS or RHA obtained higher 
compressive strengths with MgO/SiO2 of 50/50 and 40/60, which differs from M-SF systems. The 
mix designs used in chapter 7 were based on initial developments already discussed in this 
chapter. 
 CONCLUSIONS 
In this wortk, M-S-H mixtures of MgO and SF have been prepared and tested to determine the 
optimal binder composition to obtain high compressive strength pastes and mortars using a M-S-
H binder system. It should be noted that the results and conclusions are applicable to the specific 
materials used in this investigation and that other MgO or silica may give very different results. 
The following concluding remarks have been found from the optimization process: 
(1) The M-S-H binder systems composed of MgO and SF require very high water demand 
compared to PC due to the low specific gravity and effects of particle size, shape and texture of the 
binder constituent materials. 
(2) The use of suitable superplasticizer is critical to reduce water demand in which the optimal 
dosage of polymer-based superplasticizer (Viscocrete-5-555, liquid) is between 3-4% (1-1.5% 
solids). 
(3) The formation of M-S-H-gel is not the only contributor to the strength of the binder. The 
MgO/SiO2 ratio for optimal strength is also dependent on other factors including workability, 
packing density and water content. The MgO/SiO2 ratio of 60/40 (Mg/Si molar = 2.25) is found to 
result in optimal compressive strength at w/c =0.45 and below. 
(4) The use of crushed quartz filler is necessary to reduce water demand of the SF. The addition 
of crushed quartz filler from 10-40% results in highest strength mixtures of up to 87 MPa. 
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7. CHAPTER 7                                                                                                                                                          
EFFECTS OF CURING CONDITIONS AND SILICA SOURCES ON 
THE STRENGTH DEVELOPMENT OF MAGNESIUM SILICATE 
HYDRATE BINDER SYSTEMS  
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silicate hydrate binder system under different curing conditions. Proceedings of the 2nd 
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The previous chapters have discussed the reaction mechanisms and experimental results to 
confirm the formation of hydration products of M-S-H binder systems. In addition, a mix design 
for M-S-H cement pastes and mortars reached a 28-day strength of approximately 90 MPa which 
can be considered as Ultra-high performance concrete (UHPC) for use in specialist structural 
applications. To further improve and understand the mechanical properties of M-S-H binders, it 
is important to characterize the strength development of the binders under different curing 
conditions. The literature has shown a significant impact of curing conditions on the properties of 
resulting binder systems, for example, the effect of heated treatment on the early strengths of the 
PC concrete. Also, the testing of long-term strengths is required for further understanding of the 
durability of these new magnesium binders. Among the supplementary cementitious materials, 
silica fume is widely used to develop high-performance concrete (HPC) and UHPC and the content 
of silica fume is generally restricted to less 25% due to its high cost and engineering performance. 
The use of alternative silica sources without compromising engineering properties is essential to 
develop a cost-effective M-S-H binder. On this basis, this chapter continues to study the effects of 
curing conditions and different sources of silica on the strength development of the M-S-H 











Mixtures of MgO, silica fume, natural pozzolan, rice husk ash and fly ash were prepared to study the 
effect of curing conditions and silica sources on the strength and microstructure of magnesium 
silicate hydrate (M-S-H) cementitious materials. A binder composition containing 60% magnesium 
oxide and 40% silica fume was selected for mortar samples with different curing regimes. It was 
found that curing conditions have a significant influence on the strength development of M-S-H 
binder mortar mixtures. Ambient conditions, oven curing for 1-3 days or water curing at elevated 
temperature for 1-3 days effectively increased early strengths for M-S-H binders, however, reduced 
long-term strengths over 90 days. The water curing longer than 90 days reduced 365-day strengths 
of M-SF mixtures. The M-S-H binder mixtures tend to have higher 28-day and 90-day strengths than 
PC control samples under ambient conditions but lower strengths than PC water cured samples at 
standard temperature (20oC). The silica sources had a strong influence on the strength and 
microstructure of the hardened M-S-H pastes due to the variation of reactivity, morphology and the 
material fineness. The highest compressive strengths of M-S-H mortar samples cured in different 
regimes reached 50 MPa, 53 MPa and 71 MPa at 7, 28 and 90 days age respectively, which is sufficient 




















The production of conventional Portland cement requires very high calcination temperatures of 
approximately 1450oC which is energy-intensive and can have a negative impact on the 
environment.  As such, there has been a trend to develop low-energy binder systems capable of 
incorporating high volume of waste-related materials.  
One of the constituents of magnesium-silicate-hydrate (M-S-H) binder systems is reactive 
magnesium oxide which can be calcined from magnesite at 700-1000oC (Thomas et al., 2014). 
Such decarbonation process at low temperature releases less CO2 from burning fossil fuel than the 
production of Portland cement (Harison, 2007). Another potential technology to produce reactive 
magnesium oxide has been developing by Novacem which is claimed to be CO2 neutral from 
processing magnesium silicates at low temperature and pressure (Gartner, 2011). The other 
constituent of M-S-H binders is amorphous silica which is available in various forms of industrial 
by-products or waste materials such as silica fume, rice husk ash, fly ash or alternatively from 
natural silica deposits.  
Research on cementing properties of M-S-H binder systems reveals a number of distinct 
properties compared to Portland cement. The chemical reactions for the formation of M-S-H gel 
were proposed by a number of authors (Wei et al., 2006; Li et al., 2014; Zhang et al., 2014) 
whereby the M-S-H gel was formed in a similar mechanism to the pozzolanic reactions in Portland 
cement. The first stage is the hydration or magnesium oxide to form magnesium hydroxide: 
( )22 OHMgOHMgO =+                                                (1) 
The secondary reaction is then followed by the formation of magnesium silicate hydrates, for 
example (Zhang 2014): 
( ) ( ) O.12HOHOSiMO8H + 8SiO + OH8Mg 282088222 =   (2) 
Studies of the microstructure revealed a poorly crystalline structure of M-S-H gel. The Mg/Si 
molar ratio of M-S-H gel was found to vary in a wide range in between 0.67 to 1.50 (Kalousek and 
Mui, 1954; Mitsuda and Taguchi, 1977; Brew and Glasser, 1995; Nied et al., 2016) while the Ca/Si 
ratio of the C-S-H gel of Portland cement is approximately 1.75 with a variable stoichiometry range 
of 1.2 to 2.1 (Taylor, 1997; Richardson, 1999). 
There have been a number of studies on fresh and mechanical properties of M-S-H binder systems. 
In a M-S-H binder system containing a significant proportion of silica fume, the very high surface 
area results in a high water demand to achieve a reasonable level of workability which can 
adversely affect strength (Zhang et al., 2009; Walling et al., 2015). The MgO/SiO2 ratio was 
reported to have remarkable effects on the optimal compressive strength of the binder systems. 




Zhang et al. (2014) assumed that the low Mg/Si ratio systems (MgO/SiO2=40/60 by mass) 
facilitated the formation of M-S-H gel which resulted in optimal compressive strength in excess of 
60 MPa. On the other hand, Wei et al. (2006) suggested high MgO/SiO2 ratios in which MgO content 
accounted for 60-70% of the binder composition resulted in better strengths. Tran and Scott 
(2017) proposed a ternary binder system containing magnesium oxide, silica fume and a small 
proportion of crushed quartz fillers to obtain compressive strength of over 85 MPa. The material 
source of both the MgO and the silica can have a major impact on the strengths of M-S-H binders. 
For example, the reactivity and CaO impurity content of MgO sources affect the solubility of silica 
and the formation of hydration products (Jin and Al-Tabbaa, 2014).  
Significance 
Despite the increasing research and interest in M-S-H binder systems, there is relatively little 
information on the effect of curing conditions and silica sources on the properties of the binders, 
particularly for the long-term curing duration. A part from a study on performance of MgO–SiO2 
binders under different curing conditions (Sonat et al., 2017), most previous studies on M-S-H 
binder systems controlled curing conditions at high humidity (RH≥95%) and temperature at or 
near 21oC. Therefore, a number of silica sources and different hydrothermal curing conditions 
were investigated in this study to further understand the strength development and 
microstructures of M-S-H binder systems for potential use as a viable construction material. 
 EXPERIMENTAL PROGRAMME 
 Materials 
M-S-H binders consist of magnesium oxide and amorphous silica. Control samples were prepared 
using a general purpose Portland cement. River sand, which is primarily siliceous in nature, was 
used to produce mortar samples. The sand was sieved to obtain a maximum particle size of 
2.36mm and meets the requirement of ASTM C33. 
As one of the major disadvantages associated with M-S-H binders with high proportions of silica 
fume is the poor workability, many previous studies of M-S-H binders used high w/c ratios of 0.50 
or above even with the addition of superplasticizers (Wei et al., 2006l Jin and Al-Tabbaa, 2014; 
Walling et al., 2015). A third-generation polymer-based superplasticizer supplied by Sika (New 
Zealand) was used and provided extremely high water reduction for M-S-H binder systems, which 
produced workable mixtures with w/b as low as 0.40. The material properties are presented in 
Chapter 3. 




 Mix proportions 
Three sample series were prepared to examine microstructure and individual effects of curing 
and silica sources on strength. A constant binder composition containing 60% MgO and 40% SF 
with sand/binder = 1.0 was selected as shown in Table 7.1 for M-S-H mortar samples in curing 
tests. The M-S-H samples required a superplasticizer (SP) content of 3% of  binder by weight for 
workability. 
Series 2 included MgO-silica mortar mixtures with different silica sources. MgO/silica ratio varied 
from 40/60 to 60/40. Due to the various water demand of silica, w/b = 0.40 and w/b=0.50 were 
used with varying superplasticizer dosages to achieve workable mixes. Mix proportions are 
shown in Table 7.2. 
Series 3 contains MgO-silica paste samples for microstructure analysis using SEM in comparison 
to control samples using PC and 100% MgO mixture. Mix proportions of samples are shown in 
Table 7.3. 
 












MgO SF PC     
SF40-A 0.6 0.4 - 1.0 0.40 3% A 
SF40-W7D 0.6 0.4 - 1.0 0.40 3% W7D 
SF40-W28D 0.6 0.4 - 1.0 0.40 3% W28D 
SF40-W90D 0.6 0.4 - 1.0 0.40 3% W90D 
SF40-W365D 0.6 0.4 - 1.0 0.40 3% W365D 
SF40-OV50-1D 0.6 0.4 - 1.0 0.40 3% OV50-1D 
SF40-OV50-3D 0.6 0.4 - 1.0 0.40 3% OV50-3D 
SF40-OV100-1D 0.6 0.4 - 1.0 0.40 3% OV100-1D 
SF40-OV100-3D 0.6 0.4 - 1.0 0.40 3% OV100-3D 
SF40-W60-1D 0.6 0.4 - 1.0 0.40 3% HW60-1D 
SF40-W60-3D 0.6 0.4 - 1.0 0.40 3% HW60-3D 
PC-A - - 1.0 1.0 0.40 - A 
PC-W365 - - 1.0 1.0 0.40 - W365D 
 





Table 7.2. Mix proportions of mortar samples with different silica sources 
Mix labels 
Binder 
s/b ratio w/b 
Super-
plasticizer 
(% of binder 
by weight) 
Curing regime 
 MgO SiO2 
SF60 0.4 0.6 1.0 0.40 3% W365D 
SF50 0.5 0.5 1.0 0.40 3% W365D 
SF40 0.6 0.4 1.0 0.40 3% W365D 
MS60 0.4 0.6 1.0 0.40 3% W365D 
MS50 0.5 0.5 1.0 0.40 3% W365D 
MS40 0.6 0.4 1.0 0.40 3% W365D 
FA60 0.4 0.6 1.0 0.40 3% W365D 
FA50 0.5 0.5 1.0 0.40 3% W365D 
FA40 0.6 0.4 1.0 0.40 3% W365D 
MS60 0.4 0.6 1.0 0.50 2% W365D 
MS50 0.5 0.5 1.0 0.50 2% W365D 
MS40 0.6 0.4 1.0 0.50 2% W365D 
RHA60 0.4 0.6 1.0 0.50 5% W365D 
RHA50 0.5 0.5 1.0 0.50 4% W365D 
RHA40 0.6 0.4 1.0 0.50 3% W365D 
 
 






(% of binder 




MgO SiO2 PC 
SF40 0.6 0.4 - 0.40 3% A 
MS40 0.6 0.4 - 0.40 3% A 
FA40 0.6 0.4 - 0.40 3% A 
RHA40 0.6 0.4 - 0.50 3% A 
PC - - 1.0 0.50 - A 
MgO 1.0 - - 0.50 3% A 
 




 Sample preparation and curing regimes 
Mortar mixtures were produced using a Hobart mixer. Immediately after mixing, the mortars 
were placed in 50×50×50 mm cube molds and demolded after 24 h followed by curing in different 
conditions as follows: 
• A (Ambient conditions): Samples were cured in an environmental chamber at a relative 
humidity RH=50% and a standard temperature of 20oC. 
• W7D: Samples were cured in water at 20oC for 7 days followed by curing regime A until 
testing. 
• W28D: Samples were cured in water at 20oC for 28 days followed by curing regime A until 
testing. 
• W90D: Samples were cured in water at 20oC for 90 days curing period followed by curing 
regime A until testing. 
• W365D: Samples were cured in water at 20oC for 365 days curing period. 
• OV50-1D: Unsealed samples were cured in an oven at 50oC for 1 day followed by curing 
in water at 20oC until testing date. 
• OV50-3D: Unsealed samples were cured in an oven at 50oC for 3 days followed by curing 
in water at 20oC until testing date. 
• OV100-1D: Unsealed samples were cured in an oven at 100oC for 1 day followed by curing 
in water at 20oC until testing date. 
• OV100-3D: Unsealed samples were cured in an oven at 100oC for 3 days followed by 
curing in water at 20oC until testing date. 
• W60-1D: Samples were cured in hot water at 60oC for 1 day followed by curing in water 
at 20oC until testing date. 
• W60-3D: Samples were cured in hot water at 60oC for 3 days followed by curing in water 
at 20oC until testing date. 
 Testing methods  
Compressive strength tests were performed as per ASTM C 109-02. The tests were undertaken at 
7, 28, 90, and 365 days age. The result of each test is the average compressive strength of three 
samples. SEM analysis was performed on the hydrated paste samples after 28 days using a JEOL 
6400 Scanning Electron Microscope with the beam voltage 15kV, magnification ×2000. 




 RESULTS AND DISCUSSION 
 Effect of moist curing to M-S-H binder systems 
The compressive strength of the mortar samples under different moist curing conditions is 
presented in Figure 7.1. At the early age of 7 days, it is surprising that the ambient conditions 
curing results in better strength than water curing method. The early age hydration products are 
known to contain a significant amount of brucite along with the freshly formed M-S-H phases 
(Wei et al. 2006). It is possible that under lower humidity of the ambient curing there is improved 
crystallinity of brucite and the possible formation magnesium carbonate due to exposure with 
the atmosphere compared to water curing at 7 days. Similar phenomenon was reported 
elsewhere (Grist et al., 2013) in a study of the strengths of dry-cured and water cured lime–
pozzolan mortars in which the higher strength of dry-cured samples at 7 days age was attributed 
to the dewatering effect which results in a localised decrease in w/b ratio leading to a denser 
microstructure and the improvement of crystallisation of silica phases. At this early age, there 
also appears to be free water in the dry cured mixture which is sufficient for the hydration to form 
M-S-H gel from brucite and silica.  
In addition, there might be potential effect of the moisture conditions on the compressive 
strength results. The compressive strength of each dry-cured mortar sample was tested without 
soaking it whereas the wet-cured samples were tested immediately after removing them from 
the water bath without allowing time to dry out. As the standard testing procedures do not 
explicitly state the difference of results due to different moisture conditions in which samples 
might be tested, this effect has not been investigated in detail in this project. 
The strengths increase significantly up to 28 days for all the samples, especially those cured under 
ambient conditions (A) or short-term immersed in water for 7 days (W7D). Short-term curing in 
water followed by ambient curing can provide sufficient water for M-S-H gel formation while still 
maintaining the brucite. The W7D curing regime results in the highest compressive strength of 
over 50 MPa indicating that the formation of M-S-H gel is crucial to improve strength at this 28 
days age. Water curing for a longer period (W28D) can provide additional water for the formation 
of M-S-H gel beyond 28 days, however, this affect the amount of brucite and possibly the 
formation of magnesium carbonate which results in lower strengths at 28 days age. 
 





Figure 7.1. Compressive strengths versus (vs.) different moist curing conditions. 
 
The optimal water curing duration for strengths of M-S-H binders was found to be dependent on 
the strength target at a particular age. The A and W7D curing conditions resulted in relatively 
little increase in strength up to 90 days while curing in water for 28 days (W28D) and longer up 
to 90 days (W90D) significantly improved the longer term strength development. It was found 
that the water curing duration has a large influence on the strength development of M-S-H binders 
in which the W28D results in the highest long-term strength over 70 MPa up to 365 days age, 
considerably higher than curing in A or W7D conditions. Hence, providing curing water longer 
than 7 days is crucial for hydration process. The pozzolanic reactions of brucite and silica to form 
M-S-H develops at a slow rate at the early age up to 7 days but improved considerably from 28 to 
90 days when sufficient water is provided, which is associated with the strength increase at the 
later stages and indicates the significant contribution of the M-S-H gel rather than brucite in MgO-
SiO2 mixtures. However, it is very strange that the long-term strengths of samples continuously 
submerged in water up to 365 days decrease considerably after 90 days. It is possibly due to the 
high content of MgO in the binder composition and the adverse effect of water curing on the 
residual brucite resulting in a reduced strength. The long-term strength reduction of M-S-H 
binders has also reported elsewhere (Jin and Al-Tabbaa, 2014). Further studies are therefore 
necessary to characterize the influencing factors on the strength development of M-S-H binders 



























Figure 7.2. % 28-day strengths M-S-H and PC mortars under water and ambient curing 
 
The strength development of samples presented by % 28 days strength is shown in Figure 7.2. 
Strengths of samples cured in ambient and W7D conditions increased slowly after 28 days 
compared to water curing due to the incomplete hydration process results from insufficient 
curing water. However, the long-term strengths up to 365 days of those samples increase 
considerably, possibly due to the continuous carbonation of brucite. In the meanwhile, the slow 
pozzolanic reactions between brucite and silica to form M-S-H binding phases result in significant 
strength increases with W28D and W90D curing regimes in between 28 and 90 days, presented 
by linear-like trends in this period and remains stable after 90 days.  
However, it should be noted that the water curing regime W90D resulted in lower strength than 
W28D, and the long-term water curing regime W365D even reduced strengths of the samples 
further after 90 days. It is therefore indicated that that water curing up to 28 days provides 
sufficient water for the formation of M-S-H binding phases and further submerging samples in 
water has some detrimental effect on strengths of the samples. 
  
 Effect of heat treated curing on M-S-H binder systems 
Figure 7.3 presents the compressive strengths of samples cured at different elevated 
temperatures. Both early and long-term strengths were influenced by oven heat treated curing. 

























water curing regime (W365D). The highest 7-day strength achieved by elevated temperature 
curing (OV100-1D) was 40 MPa, an increase of 45% compared to water curing at standard 
temperature (20oC). 
At 28 days age, the initial oven curing had little effect on compressive strengths compared to 
water curing. Heated treatment for 1 day (OV50-1D and OV100-1D curing regimes) resulted in a 
strength increase by 10% compared to W365D curing while longer heating duration up to 3 days 
did not improve strength significantly. 
 
Figure 7.3. Compressive strengths vs. curing at different temperatures. 
The 90-day strengths showed that only a mild increase of curing temperature for 1 day (OV50-
1D) resulted in a higher strength (68 MPa) than water curing (63 MPa) while the extended 
heating duration to 3 days only had a marginal effect. At higher curing temperature (100oC), the 
90-day  strengths of M-S-H mortars were even negatively affected whereby samples exposed to 
OV100-1D curing obtained the lower strength (60MPa) than water curing (63MPa). The longer 
curing duration to 3 days (OV100-3D) further decreased the strength of the samples (55MPa) 
compared to OV100-1D cured samples. All samples exhibited a strength reduction from 90 to 365 
days in which the 365-day strengths of oven curing samples were slightly higher than those of 
standard water curing at ambient temperatures.    
The oven curing for 1 day at 50oC (OV50-1D) appears to be optimal for strength development as 
it is the only curing regime to increase strengths at all testing age (7, 28, 90 and 365 days) 
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Figure 7.4. % 28-day strengths M-S-H and PC mortars under oven heated treatment 
Strengths development measured by % 28-day strength is presented in Figure 7.4. It was found 
that heated treatment only increases strength development rate at the early age of 7 days 
however decreases these rates at 90-days age. Similar to its influence to PC, heated treatment 
might be an effective method to improve the strength development of the M-S-H binders. 
However, the temperature and heating duration should be carefully selected to avoid negative 
influences on the long-term strengths. 
 Effect of hot water curing to M-S-H binder systems 
The coupled effect of moist curing and heat treatment was examined using hot water curing. 
Figure 7.5 presents the compressive strength of samples under hot water curing at 60oC for 1 and 
3 days in comparison to water curing at 20oC. Hot water curing improves 7-day and 28-day 
strengths considerably, however reduced 90-day strengths and had little effect on the 365-day 
strengths. In addition, a longer curing period in hot water for 3 days resulted in higher strengths 
at 7 and 28 days age, but also decreased the 90-day and 365-day strengths by a greater extent 
compared to hot water treatment for 1 day. Samples cured in W60-3D achieved a 7-day strength 
of over 50 MPa, increased by 83% compared to water-cured samples obtained only 28 MPa 
although a trade-off was observed between early and long-term strengths. 

























Figure 7.5. Compressive strengths vs. curing in hot water (60oC). 
The % 28-day strengths of M-S-H mortars under hot water curing are displayed in Figure 7.6. The 
7-day strength of samples cured with W60-3D regime reached 92% of the 28-day strength and 
further curing to 90 days only increase the strength to 108% while those rates of water curing 
samples at 7 and 90 days were 61% and 139%, respectively. As early strengths increase, samples 
cured in hot water develop strength at a higher rate compared to water curing at standard 
temperature. Although hot water curing regimes increase early strength, they reduce long-term 
strengths and therefore results in decreases in % 28-day strengths after 365 days curing period. 
 








































 Strength comparison of M-S-H and Portland cement mortar samples 
Figure 7.7 and Figure 7.8 compare compressive strengths between M-S-H and Portland cement 
mortars. Two typical curing regimes of M-S-H binders were selected for this comparison 
including ambient conditions and water curing at standard temperatures. Surprisingly, M-S-H 
samples cured at ambient conditions achieved higher strength than PC samples at the ages of 28, 
90, and 365 days, despite a lower strength at 7 days age. In contrast, the strengths of M-S-H 
samples cured in water were lower than those of control Portland cement samples (Figure 7.7). 
For PC, the ambient curing conditions resulted in lower strengths than water curing at any ages 
between 7-365 days. The moist curing is crucial to provide sufficient water for the hydration of 
PC to gain strength. However, the water curing regime decreased strengths of M-S-H binder 
samples compared to ambient curing conditions and only increased the 90-day strengths. The 
100%MgO samples had much lower strengths compared to 60/40 M/SF mixtures. It appears that 
due to containing high MgO content, the residual brucite formed is the weak phases of the 
hydration products and partially dissolve in curing water after 90 days resulting in the lower 
strengths at 365 days age. The M-S-H cementitious materials possibly are more durable for 



































Figure 7.8.  %28-day strengths of M-S-H and PC samples (ambient conditions and water curing) 
In ambient conditions, the strength development of M-S-H binders was lower than PC samples in 
the early age up to 7 days however the rates were similar between 28 and 90 days and M-S-H 
samples particularly increased strengths after 90 days compared to PC control samples (Figure 
7.8). The slow rates of strength development were more obvious with samples cured in water in 
which M-S-H samples developed strengths considerably between 28 and 90 days age which can 
be attributed to the slow pozzolanic reactions between hydrated magnesia and reactive silica in 
M-S-H binder systems. The unexpected strength reduction of water cured samples after 90 days 
has resulted in the 365-day strength similar to that at 28 days age. 
 Effect of silica sources (SF, MS, FA, RHA) 
In chapter 6, the compressive strengths of MgO-SiO2 mixtures with different MgO/SiO2 ratio were 
tested to study the potential strength of M-S-H binders. At this stage, the tests were only carried 
out for samples of 28 days age and only SF was used. For a thorough understanding of the strength 
development of M-S-H binders, the experimental programme in this chapter includes both early 
age and long-term strengths of M-S-H samples up to 365 days. Also, comparisons of different silica 
sources were made possible as four silica sources were used to utilize the local and/or cost-
effective materials. 
Figure 7.9 presents the strengths of M-S-H mortar samples prepared with MgO and silica fume. 
The M/SF ratios and curing duration have a strong effect on the strength development of the 
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having the highest proportion of M-S-H gel. SF60 samples have the lowest strengths at 7 days 
(21.25 MPa), 28 days (28.27 MPa), and 90 days (52.34 MPa). In contrast, SF40 samples obtain the 
highest strengths at these ages. The 90-day strength of SF40 samples was over 60 MPa, indicating 
a sufficient strength for a wide range of structural applications. However, all the samples present 
some degree of strength reduction in the long-term to under 50 MPa at 365 days age. 
 


















































Figure 7.11. Compressive strength of M-FA mixtures (w/c=0.40) 
 
The strength development of M-MS mixtures is presented in Figure 7.10. Mortar samples were 
prepared at w/b=0.40 for comparison with M-SF mixtures. It was found that the materials with 
different reactivity and morphology have strong effects on strengths of the resulting mortars. 
SF40 samples had the highest strengths of over 45 MPa at 28 days age and increased to over 62 
MPa at 90 days age while M-MS mixtures resulted in far less compressive strengths. The M-MS 
mixtures containing 40%MgO-60%MS achieved the highest strength for that series and exhibited 
a linear strength increase from 17 MPa (7 days) to 22 MPa (28 days) and 36 MPa (90 days) 
followed by a slow increase to approximately 40 MPa at 365 days.  
It was found that the replacement of silica fume by fly ash in M-S-H mortars did not produce 
strengths comparable to the silica fume, possibly due to the effect of material’s reactivity, the 
presence of impurities and less homogenous structure of the resulting mortars. Similar results 
were observed in another study on the combination of MgO with pulverized fuel ash (Zhang et al., 
2016). The pore solution analysis in chapter 5 has revealed that the M-FA mixtures have higher 
pHs compared to using other silica. Therefore, the presence of CaO significantly increased Si 
concentrations however limited the dissolution of MgO. Also, there is a possibility that FA may 
react with calcium hydroxide to form C-S-H along with the formation of M-S-H. However, the 
formation of C-S-H in M-FA mixtures was very limited, which is indicated by the very low 
compressive strength range varying only from 1 to 7 MPa during 365 days age. In addition, the 
formation of C-S-H was not shown obviously in SEM images and XRD results (presented in 
Chapter 4). The strength of M-S-H-based cementitious materials therefore greatly vary based on 
























strength results reported in the literature (Wei et al., 2006; Walling et al., 2015; Tran and Scott, 
2017). 
Figure 7.12 and 7.13 show strengths of M-MS and M-RHA mixtures at a higher w/b=0.50. The w/b 
was increased for the workability of M-RHA mixtures due to the porous structure and high water 
demand of RHA. The mortar samples using RHA obtained higher strengths than M-MS samples at 
7 and 28 days age however achieved similar strengths at longer curing durations up to 90 days 
and 365 days. Another study (Sonat and Unluer, 2019) also reported that amorphous RHA was able 
to replace silica fume in M-S-H cement but also bring in environmental and economic benefit. 
 
Figure 7.12. Compressive strength of M-MS mixtures (w/c=0.50) 
 
 











































The strengths of M-S-H binders are shown to be strongly influenced by the w/b ratio. The increase 
of w/b ratio significantly reduces compressive strengths and vice versa. M-MS samples with w/b 
ratio of 0.40 achieved the highest strength of 39.3 MPa (Figure 7.10) however decreased 
considerably (by 38%) as only obtained the highest strength of 24.4 MPa as w/b increased to 0.50 
(Figure 7.12). Similar effects of w/b ratio were discussed in chapter 6 where the decrease of w/b 
ratio resulted in the strength of approximately 90 MPa for the optimal M-SF mixture. M-S-H 
binders show the same trend as PC where the reduction of w/b ratio is crucial to improve 
compressive strengths of the cementitious materials. 
The strength results have shown the effect of silica sources on the strengths of M-S-H mortars. SF, 
which has the highest reactivity resulted from a high content of amorphous silica and microfine 
particle size, is advantageous to react with MgO forming M-S-H gel to gain the highest strengths. 
On the other hand, FA has the least reactivity due to its low amorphous silica content and coarse 
particle size which consequently results in low strengths. It was found that the highly reactive 
silica reacts with hydrated MgO faster than less reactive silica and forms higher quantities of M-
S-H gel to gain higher strengths. Such high dependence of strengths on silica sources indicates 
that the M-S-H gel is the main binding phase to contribute to strengths of the M-S-H binders other 
than hydrated MgO. The pure reactive MgO samples prepared as control samples showed the very 
low strength of brucite as a hydration product (Figure 7.7). 
The optimal binder composition for compressive strength is also dependent on material sources. 
The MgO/SiO2 ratio between 40/60 to 60/40 by mass has a strong effect on the strength 
development of M-S-H mortar samples. For M-SF mixtures, the low SF content of 40% is optimal 
for strength as discussed in details in Chapter 6. However, higher silica content up to 50 and 60% 
results in higher strengths for M-MS and M-RHA mixtures. 
It is understood that the strength of the paste is attributed to the strength of the binding phases 
and the packing density of the mixture. The MS and RHA have coarse particle sizes than SF (as 
discussed in chapter 3) which may not lead to significant changes in the packing density as the 
MS/RHA content varies in between 40-60% of the mixtures. Hence, the compressive strengths of 
M-MS or M-RHA mixtures are mainly controlled by the hydration products.  
The compressive strengths obtained with M-MS and M-RHA mixtures were also agreed with the 
microstructure and pore solutions analysis. In chapter 5, the pore solution analysis showed that 
the high content of silica reduced the pH of the pore solutions and increased the dissolution of 
MgO and silica which facilitate the formation of M-S-H phases. XRD results discussed in chapter 4 
also confirmed the optimal MgO/SiO2 ratio for the formation of M-S-H binding phases is 40/60 




and therefore high silica content results in higher amounts of M-S-H phases in M-MS and M-RHA 
mixtures. 
 
 SEM analysis 
Although a comprehensive study of the microstructures of M-S-H binders was provided in 
Chapter 4, the compressive strength test results have not been included. Therefore, this chapter 
presents SEM images of M-S-H binders at 28 days age to discuss the relationship between the 
microstructures and strengths of the mortar samples. The SEM analysis also addresses the 
microstructure of control samples using PC, which is not mentioned in previous chapters. 
Figure 7.14 shows a PC sample having a homogeneous microstructure with micro-pores well 
distributed on the fracture surface. In contrast, the MgO sample without silica showed a highly 
porous structure of a rough surface with large pores between brucite particles (Figure 7.15). The 
heterogeneity of brucite’s porous structure decreased while 40% of MgO was replaced with SF 
(M-SF mixtures in Figure 7.16). The microfine SF particles were well-dispersed and filled in the 
pores between MgO particles resulting in a denser microstructure with M-S-H formed on the 
surface of the brucite particles. The formation of M-S-H and the improvement of the 
microstructure are ascribed to the strength increase of the paste samples using silica fume. 
The formation of M-S-H was also observed with mixtures using other silica sources such as MS 
and RHA (Figure 7.17 and Figure 7.18). However, microstructures of those M-MS and M-RHA 
mixtures were not significantly improved compared to 100% MgO sample as large pores still 
present in the pastes resulted in lower strengths than M-SF samples. One of the main factors is 
MS and RHA have coarser particle sizes which did not fill the pores between brucite particles to 
result in dense structures as seen with SF. 
Figure 7.19 shows a rough surface of M-FA mixtures with a porous microstructure. There were 
very limited M-S-H phases formed in the mixture due to the low reactivity of FA compared to 
other silica (SF, MS, RHA). A remarkable amount of sphere fly ash particles representing 
unreacted fly ash was observed at 28 days age. The FA resulted in large pore sizes in 
microstructures of M-FA pastes compared to M-SF and PC control samples. The lowest strengths 
of M-FA samples as shown above can be attributed to the low reactivity of fly ash and the porous 
microstructure of the mixtures. Microstructure and mechanical properties of M-S-H cementitious 
materials therefore are highly dependent on the silica sources whose reactivity and particle size 
are of utmost importance to form M-S-H binding phases and dense paste structures. 
 





Figure 7.14. SEM image of PC paste sample (28 days age) 
 
Figure 7.15. SEM image of 100% MgO paste sample (28 days age) 
 
Figure 7.16. SEM image of M-SF paste sample (28 days age) 





Figure 7.17. SEM image of M-MS paste sample (28 days age) 
 
Figure 7.18. SEM image of M-RHA paste sample (28 days age) 
 
Figure 7.19. SEM image of M-FA paste sample (28 days age) 





Based on the selected materials and experimental results in this study, the following conclusions 
can be derived: 
Ambient conditions or short-term water curing up to 7 days increased the 28-day strength for M-
S-H binders due to the presence of brucite and M-S-H, however, there was a reduction in long-
term strength at 90 days due to insufficient water for the completion of the hydration processes. 
Water curing for longer durations from 28 to 90 days is crucial to facilitate the formation of M-S-
H binding phases and increase 90-day strengths. The slow strength development resulted from 
slow pozzolanic reactions between MgO and silica to form M-S-H gel. 
The effects of long-term water curing up to 365 days are not consistent for M-S-H binders using 
different silica. It is unusual that this curing regime reduced 365-day strength of M-SF mixtures, 
however, mixtures using MS and RHA still developed strengths over the period.   
Heated treatment for M-S-H samples increased early strength but decreased long-term strength 
during 365 days curing. Higher temperature curing resulted in higher early strength but also 
reduced long-term strength to a greater extent. 
Water curing at elevated temperature (60oC) for 1 and 3 days improved 7-day and 28-day 
strengths significantly compared to ambient conditions and water curing at 20oC, however, the 
effect was not obvious at the later stages of 90 and 365 days. 
Strengths of M-S-H mortar samples cured in water were lower than those of PC control samples. 
Nonetheless, the M-S-H binder (60% MgO-40% SF) resulted in higher 28-day and 90-day 
strengths than PC for mortars with ambient curing conditions. 
The silica sources significantly affect the strength and microstructure of M-S-H cementitious 
materials as a result of the variation of reactivity, morphology and fineness. The high reactivity 
and fineness of silica such as silica fume resulted in higher strengths and denser microstructure, 
which was opposed to the lower strengths and porous paste structures of other silica having 
coarse particle sizes and less reactivity such as FA. The M-S-H gel is the main binding phase to 
gain strengths other than hydrated MgO in MgO-silica mixtures. 
Similar to PC, water content significantly affects the compressive strengths of M-S-H binders in 
which a reduction of w/b ratio is crucial to improving strengths. Workable mortar mixtủres of M-
S-H binders with w/b of 0.40 was achieved using polymer-based superplasticizers. Water curing 
for 28 days is effective for M-S-H binders resulting in compressive strengths over 70 MPa.  
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8. CHAPTER 8                                                                                    
MECHANICAL AND DURABILITY PROPERTIES OF CONCRETE 
WITH MAGNESIUM SILICATE HYDRATE BINDER SYSTEMS 
Tran, H.M., Scott, A., Dhakal, R.P. (2017). Mechanical and durability properties of a concrete using 
magnesium silicate hydrate binder system. Proceedings of the Concrete 2017, the 28th Biennial 
National Conference of the Concrete Institute of Australia, held in conjunction with the 3rd International 
Congress on Durability of Concrete (ICDC), Adelaide, Australia, 22 October to 25 October 2017. 
Tran H, Scott A and Dhakal R (2019). Mechanical and durability properties of magnesium silicate 
hydrate binder concrete. Magazine of Concrete Research, https://doi.org/10.1680/jmacr.18.00217 
Preamble 
Based on the findings of previous chapters, M-S-H binder is able to develop the required strength and 
obtain adequate workability for a wide range of applications including building and civil structures. 
Chapter 4-5 have confirmed the formation of binding phases based on the examination of 
microstructures and pore solution analysis using XRD, SEM/EDS, and ICP-MS methods. Chapter 6-7 
have shown the ability of M-S-H binder to produce normal to high strength cement pastes and 
mortars. Such promising properties have suggested the potential for M-S-H binders to produce 
normal to high strength and durable concrete which can complement or even replace PC as a 
construction material. However, most of the previous studies on M-S-H binder systems were 
performed with cement pastes and mortars and such studies on the mechanical and durability 
properties of M-S-H concrete appear not to be available in the literature. In addition, there are still 
concerns about other engineering properties such as tensile strength and modulus of elasticity of the 
M-S-H binder. 
To provide a better understanding of the mechanical and durability properties of M-S-H binder 
concrete, this chapter presents the testing of concrete using M-S-H binders with and without crushed 
fillers based on the earlier work in chapter 6. The experimental work was among the first studies on 
the mechanical properties and durability of concrete using M-S-H binder systems. Mechanical 
properties including compressive strength, tensile strength, and modulus of elasticity were tested 
and durability indexes such as oxygen permeability, porosity and resistivity were discussed.  





Mechanical and durability properties of concrete made with magnesium silicate hydrate (M-S-H) binder 
systems were tested in comparison with Portland cement. The M-S-H binary binder system included 60% 
MgO and 40% SiO2 while the ternary system replaced 10% of the M-S-H binder with 10% crushed quartz 
filler. It was found that the 28 day compressive strength of M-S-H concrete samples, produced at a 
water/cement ratio of 0.4, was approximately 40 MPa with little further increase after this age. The M-
S-H concrete had lower tensile strengths and modulus of elasticity than PC control samples. The stress 
strain relationship of the M-S-H concrete showed an unusual non-linear relationship at a loading range 
up to 40% of the compressive strength. The porosity and permeability of concrete using M-S-H binders 
were higher than PC. The addition of crushed quartz filler was shown to improve microstructure, 
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 INTRODUCTION  
Research on alternative binder systems for Portland cement (PC) has increased considerably due to 
the urgent need to reduce the negative impacts of CO2 emissions on the environment. The synthesis 
M-S-H binder systems are known to be less energy intensive than PC production process, due to the 
use of reactive magnesium oxide calcined at low temperatures (700-1000oC) and the high proportion 
of silica, including industrial by products or waste materials such as silica fume, fly ash, rice husk or 
natural pozzolan. Other alternatives to develop a carbon neutral or negative magnesium-based binder 
materials are under investigation. One process involves CO2 sequestration by magnesium-rich 
minerals olivine and serpentine to form magnesium carbonates which are then decarbonated to 
produce reactive magnesium hydroxide (Pacheco-Torgal, 2014). There are also potential benefits of 
using M-S-H binders for the immobilization of nuclear wastes (Zhang et al., 2012; Walling et al., 2015). 
The mechanical properties of M-S-H pastes and mortars have been reported in the literature with a 
wide range of strength values. Wei et al. (2006) were among the first authors reporting cementitious 
property of M-S-H mortars of over 50 MPa. Zhang et al. (2014) developed M-S-H binder systems for 
immobilization of nuclear wastes obtaining strengths of over 60 MPa. Marmol et al. (2016) studied 
M-S-H and Portland cement pastes in which M-S-H samples achieved superior strength compared to 
PC samples at a similar water to cement ratio. Tran and Scott (2017) optimized ternary mortar 
mixtures of MgO-SiO2-quartz filler resulting in strengths exceeding 85 MPa. On the other hand, Jin and 
Al-Tabbaa (2014) and Walling et al. (2015) reported fairly low strengths of M-S-H binder systems due 
to the very high water content for workability. Material source was reported to be one of the major 
causes for these strength variations of M-S-H binders (Jin et al., 2013). By using a combination of CFB 
slag, reactive MgO and silica fume Chen et al. 2017 where able to produce pastes with a 28 day 
compressive strength in excess of 105 MPa at a w/c ratio of 0.2. 
The reaction mechanism of MgO-SiO2 mixtures have been studied in the literature in which MgO/SiO2 
ratio has a large effect on the hydration products. Zhang et al. (2011, 2014) reported that brucite 
(Mg(OH)2), a reaction product of reactive magnesium oxide and water, will react with silica fume (SF) 
to form M-S-H gel in mixtures containing 40% MgO and 60% SF. Wei et al. (2006) showed that at 
higher MgO/SiO2 ratios, residual brucite and M-S-H phases co-existed in the resulting pastes. The 
Mg/Si molar ratio was found to be lower than Ca/Si in Portland cement (Lothenbach et al., 2015)  and 
varied in a range of 0.7-1.5 (Nied et al., 2016). 




Previous studies have focused on the compressive strength and microstructure of cement paste and 
mortar samples, but few experiments have been carried out to examine the mechanical properties 
and potential durability of M-S-H binder based concrete. This work represents a preliminary 
investigation on the possibility of producing a strong and durable M-S-H concrete which is 
comparable with conventional PC concrete. The experimental study will practically contribute to the 
understanding of the magnesium silicate hydrate binder system by using commonly available 
industrial materials to examine fundamental structural properties including: compressive strength, 
split tensile strength and modulus of elasticity, in addition to the durability properties of porosity and 
oxygen permeability. As the materials are already produced on a large scale they have the potential 
for commercial application provided sufficient physical and durability properties can be achieved. 
The results from this investigation will provide direction for future studies to improve the quality of 
M-S-H concrete and its use as a viable sustainable construction material. 
 EXPERIMENTAL PROGRAMME  
 Materials 
Reactive magnesium oxide, calcined at temperatures of below 700oC, was supplied by Calix Ltd. 
(Australia). Silica fume, a highly reactive silica source, was provided by Sika NZ in condensed form. 
Quartz filler (QF) was ground from local quartz sand in a ring mill for 2 minutes to obtain the desired 
particle size. Aggregates including river sand (max particle size of 4.75 mm) and stone (max aggregate 
size of 16 mm) were sourced from locally. Control Portland cement samples were produced using a 
general purpose cement provided by Holcim New Zealand. 
Particle size distributions are shown in Figure 8.1. The chemical compositions of the binders are 
presented in Chapter 3. 




Figure 8.1. Particle size distribution of materials 
 Mix proportions 
Concrete samples were prepared for mechanical and durability tests while paste samples were 
prepared for microstructure analysis. Sample labels and mix proportions are presented in Table 8.1. 
The MgO/SiO2 ratio of 60/40 (by mass) was selected based on the optimal strength performance of 
the pastes compared to other binder compositions (Tran and Scott, 2017). Based on earlier work in 
chapter 6, quartz filler was introduced at 10% M-S-H binder replacement to test the effects of inert 
fillers on the mechanical and durability properties of the resulting cementitious materials. As the 
quartz filler is intentionally included in the w/c, it is expected that the quartz filler can improve the 
workability and microstructure of the M-S-H binder concrete. The sand and stone contents for M-S-H 
and control PC concrete were specified based on typical PC concrete mixes. 
Due to the high volumes of silica fume, a superplasticizer (Sika ViscoCrete-5-555 (NZ)) was used to 
ensure adequate workability. The superplasticizer dosage and w/c ratio were selected based on 
pervious work by Tran and Scott (2017) (Chapter 6) which describes the fresh properties of various 
MgO-silica mixes. The target flow for M-S-H paste mixtures was approximately 160 mm ± 10 mm, 
using a cone with dimensions: 50 mm in height, 70 mm internal top diameter, 100 mm internal base 
diameter. While no quantitative data is available, the different concrete mixes were observed to 
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Table 8.1. Relative mix proportions of pastes and concrete mixes (by mass) 












SF40 (paste) - 0.60 0.40 - - - 0.40 3% 
Q10 (paste) - 0.54 0.36 0.10 - - 0.40 3% 
PC (paste) 1.0 - - - - - 0.40 - 
SF40 - 0.60 0.40 - 1.25 2.0 0.40 3% 
Q10 - 0.54 0.36 0.10 1.25 2.0 0.40 3% 
PC 1.0 - - - 1.25 2.0 0.40 - 
 
 EXPERIMENTAL METHODS 
 Fresh and mechanical properties testing 
As flow tests were carried out showing adequate workability of M-S-H cement paste and mortar, no 
slump test result was reported in this chapter. However, it is understood that some slump tests have 
been conducted with some trial mixes and the observation of mixing, moulding and compacting 
processes has shown the adequate workability of the produced M-S-H binder concrete. Also, it is 
suggested that future studies of M-S-H binder concrete should report and discuss slump test results 
to compare the workability of concrete produced with M-S-H and other binders.  
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Concrete cylinders sized 100 mm diameter × 200 mm height were cast for compressive strength, split 
tensile strength, modulus of elasticity testing and durability property testing. Samples were demolded 
after 24 h before curing in water at 20oC until tested at 7, 28 and 90 days. Three cylindrical samples 
were tested to calculate the average value for each reported result. 
Compressive strengths were determined as per standard ASTM C39. Split tensile strength tests were 
performed instead of direct tensile tests following ASTM C496. The static modulus of elasticity (MOE) 
of the M-S-H and PC concrete specimens was tested in accordance with ASTM C469. 
              
(a)                                          (b)                                            (c)  
Figure 8.2. Mechanical testing setup 
(a): Compressive strength, (b): Split tensile strength, (c): Modulus of elasticity 
 Durability properties testing 
 Porosity 
The porosity presented as the percent of voids in hardened cementitious materials was determined 
based on ASTM C642 but using a vacuum saturation technique. Four testing cylinders were cut from 
100 × 200 mm concrete cylindrical samples to produce specimens with a thickness of 30 ± 3 mm. The 
samples were oven dried at 50oC until the change in mass was less than 0.5% over 24 hours. The 
samples were placed under vacuum for 3 hours before water was introduced and a vacuum applied 
for an addition hour after which the chamber was open to the atmosphere and samples allowed to 
soak for a further 18 hours. The porosity was calculated from the formula of volume of permeable 
pore space voids: 
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 ( ) ( ) ( ) 100/% ×−−= DCACP  
where: 
A = oven-dried mass in air, g 
C = surface-dried mass in air after vacuumed and immersed in water, g 
D = apparent mass in water after vacuumed and immersed in water, g 
 Oxygen Permeability Index 
The Oxygen Permeability Test was performed to determine gas permeability coefficient of the 
concrete, which are related to the concrete durability. The applied testing procedure was introduced 
by Alexander et al. (1999). A falling head permeameter was used to apply pressure to a concrete 
sample whereby the pressure was allowed to decay as permeation proceeds. A rapid reduction in the 
pressure indicates a high permeability to gas (oxygen) and possibly a reduction in the durability of 
the concrete (Alexander et al., 1999). 
Four cylinders of 30 ± 3 mm thick were cut from 100 × 200 mm concrete cylinders. The samples were 
preconditioned by oven drying at 50oC for at least 7 days until the change in mass was less than 0.5% 
over 24 hours, due to the sensitivity of gas transport to the moisture content of concrete.  Each sample 
was inserted into a rubber collar, and compressed in the test rig to provide a seal around the samples. 
An initial pressure was set at 100 kPa and the test was terminated as the pressure reduced to 50 kPa 
or after 6 hours. 
The calculation of the OPI required determining pressure decay curve which was plotted in the form 










k = coefficient of permeability of test specimen (m/s) 
ω = molecular mass of oxygen = 32 g/mol 
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V = volume of oxygen under pressure in permeameter (m3) 
g = acceleration due to gravity (9.81 m/s2) 
R = universal gas constant = (8.313 Nm/K mol) 
d = average specimen thickness (m) to the nearest 0.02 mm 
A is the cross sectional area of the specimen (m2) 
θ= absolute temperature (K) 
The OPI was taken as the negative log of the average of the 4 samples’ coefficients of permeability (k1, 
k2, k3, k4), which was determined by the equation: 
( )[ ]43214110log kkkkOPI +++−=  
 
Figure 8.3. Permeability cell arrangement 
 Resistivity Test 
Resistivity test provides a rapid indication of the penetration of chloride ions and the likely resistance 
of concrete to the corrosion. This test is faster to run compared to the Rapid Chloride Ion Permeation 
Test (RCPT) as specified in ASTM C1202 however it also presents high correlation with RCPT 
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(Gudimettla and Crawford, 2015). Resistivity test is used to evaluate the electrical resistivity of M-S-
H samples from the early age of 7 days to a long-term curing duration up to 90 days. 
The resistivity test reused the samples as described in OPI tests. After re-drying to a constant mass 
the samples were vacuum saturated with 3.5% NaCl, the resistivity was measured from the applied 
voltage and corresponding current across the sample. 
 XRD and microstructure analysis 
The XRD and microstructure analysis was conducted on the paste samples using a scanning electron 
microscope to investigate the relations of the mechanical and durability properties. Cement pastes 
were mixed by a Hobart mixer and poured into 50 ml laboratory tubes. Paste tubes were sealed and 
inserted into a rotating apparatus for 24 h immediately after molding to improve the homogeneity, 
and then stored in ambient conditions until examined at 28 and 90 days. The paste samples were cut 
into 10 mm thick slides and carbon coated for SEM analysis using JEOL JSM 7000F scanning electron 
microscope. The development of hydration products was examined over 90 days period by XRD using 
a Philips PW1729 X-ray diffractometer (Cu, 50kV/40mA) with a 3 to 70o 2θ scan range. 
 RESULTS AND DISCUSSION 
 Compressive strength 
Compressive strengths of M-S-H and PC concrete samples are shown in Figure 8.4. The PC concrete 
samples generally obtained higher compressive strengths than M-S-H concrete samples. At 7 days, 
the SF40 and Q10 mixes using M-S-H binders obtained strengths of over 20 MPa while the PC concrete 
reached over 50 MPa. At the 28 days age, SF40 and Q10 mixes increased strength by 75% and ~ 80% 
to 40 MPa and 44 MPa whereas PC concrete increased strength to 62 MPa. The M-S-H concrete shows 
a slower early strength development rate compared to PC possibly due to the slow pozzolanic 
reactions of brucite and silica fume. 




Figure 8.4. Compressive strength of M-S-H and PC concrete 
For long-term curing up to 90 days, it was found that the strength of SF40 sample remained stable at 
over 40 MPa while PC samples still increased strengths to approximately 70 MPa. The 90-day strength 
of the Q10 samples continued to increase to 56 MPa, which was much higher than that of SF40 
samples and close to the compressive strength of PC control samples. The addition of quartz filler 
considerably increased compressive strengths of the M-S-H binders, particularly in the long-term. The 
fact that the strength of non-filler M-S-H samples did not increase after 28 days might result from two 
scenarios (i) the hydration process to form binding phases of M-S-H and brucite completed after this 
age or (ii) the hydration products are formed continuously however the M-S-H concrete has a weak 
interfacial transition zones (ITZ) limiting the strength development of the concrete. The latter has 
been found more likely as the strength of the Q10 samples was found to increase after 28 days and 
the XRD results (Figure 8.5) also show the continued formation of M-S-H between 28 and 90 days. 
The addition of 10% quartz filler, although almost inert at ambient curing temperature, appears to 
accelerate further the hydration, improve the microstructure and particle packing of the paste hence 
increases strengths of the resulting cementitious materials. The homogeneity of the paste containing 
the quartz filler was also observed compared to the samples without filler. The filler particles with its 
fineness and high surface area possibly act as nucleation sites, thus improving the hydration and 






























Figure 8.5. XRD spectra of SF40 paste samples over 90 days (B: Brucite, M: MgO, M*: M-S-H, Q: quartz) 
 
 Split tensile strength 
Figure 8.6 presents split tensile strengths of M-S-H and the control PC concrete. The SF40 samples 
had relatively low split tensile strengths which only increased marginally from 7 to 28 days and 
remained stable under 2.0 MPa at all curing periods. The split tensile strengths of the Q10 samples 
benefited from the addition of quartz filler and reached 2.8 MPa at 7 days and rose to approximately 
3.5 MPa at 90 days. The quartz filler likely improved the homogeneity and packing density of the 
microstructure of the Q10 samples which results in higher split tensile strengths than those of non-
filler SF40 samples. However, it was obvious that the PC samples achieved considerably higher tensile 
strengths than the M-S-H concrete in which the 28 and 90 days strengths were almost double the 
strengths of the Q10 samples.  


















Figure 8.6. Split tensile strength of M-S-H and PC concrete 
 Modulus of elasticity 
Figure 8.7 shows the stress-strain relations to determine the modulus of elasticity (MOE) of M-S-H 
and PC concrete. At loads up to 40% of the compressive strength, the SF40 mixes show unusual highly 
non-linear strain hardening behaviour compared to either the quartz filler M-S-H or the PC concrete. 
The behaviour of the SF40 mixes is similar to that observed when timber is loaded in compression 
perpendicular to the grain (Basta et al. 2012) or in the case of tendons and ligaments under tension 
where there is un-crimping of the collagen fibrils (Calc et al. 2013). The structure of the paste 
produced in the SF mixes may be more open and porous compared to the other mixes resulting in a 
lower initial stress-strain response until the M-S-H sheets have compacted. It should be noted that 
the reported porosities in this investigation are a bulk measure of the volume of permeable voids and 
do not account for gel pores which could be substantially higher in the SF mixes compared to the other 
mixes. Further investigation is needed to confirm the cause of the non-linear stress strain response.  
The PC mixes show the expected linear stress-strain responses at loads less than 40% of the ultimate 
compressive strength. The addition of quartz filler at 10% MgO-SF mixture replacement had a 
significant effect on the stress-strain behavior of the concrete. The Q10 samples showed a linear 
stress-strain behaviour similar to that of PC rather than the non-linear stress-strain behavior 






























Figure 8.7. MOEs of PC and M-S-H concrete 
Table 8.2 presents modulus of elasticity (MOE) of M-S-H and PC concrete. Secant modulus was used 
to measure MOE of SF40 samples for non-linear stress-strain behaviors in comparison to other 
samples showing linear stress-strain behaviors (PC and Q10). The SF40 mix had the lowest MOE at 
all testing ages with the secant modulus values of 8.2, 10.9, and 12.8 GPa respective at 7, 28 and 90 
days. The PC concrete exhibited the highest MOE, achieving 33.5, 38.7, 44.7 GPa at the ages of 7, 28 
and 90 days (respectively). Although the Q10 samples had a lower MOE than the PC samples, they 
were found to have much higher MOE (115-150%) compared to SF40 samples, and reaching 20.7 GPa, 
25.2 GPa and 27.3 GPa at 7, 28 and 90 days. 
The low MOE and rather unusual non-linear stress-strain behavior of M-S-H binder concrete might 
limit its structural application. However, the addition of quartz filler seems to provide a viable 
solution to improve MOE and modify stress-strain behaviors for a wider range of structural 
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PC 33.5 38.7 44.7 
SF40 8.2 10.9 12.8 
Q10 20.7 25.2 27.3 
 
 Durability-related properties 
 Porosity 
Figure 8.8 shows the porosities of M-S-H and PC concrete. It was obvious that PC samples had the 
lowest porosity values < 10% at all curing ages. The substitution of PC by M-S-H binder increased the 
voids ratio of the concrete mixture whereby SF40 samples had the highest porosities of over 12% at 
all testing ages. The incorporation of quartz filler reduced porosities of the Q10 samples to around 
11%. It was found that the porosities of PC concrete over 90 days curing period decreased while those 
using M-S-H binders slightly increased over the same period.  
The volume change of hydration products in the formation of calcium silicates is among the key 
factors for the decrease of porosity in PC concrete over the long-term. For M-S-H binders, the 
hydration of reactive MgO at early ages absorbs free water to form brucite which might cause 
considerable volume increase (Harison, 2015) and reduces the capillary pores. However, the 
inclusion of a high content of fine SF particles appears to result in higher porosities of SF40 and Q10 
samples at 7 days compared to PC. In the later stages, it was suggested that the chemical reactions of 
brucite and SF to form M-S-H binding phases did not incorporate additional free water to fill capillary 
pores (Zhang et al., 2014; Li et al., 2014; Nied et al., 2016) and this might be a reason for the high 
porosities of M-S-H concrete samples over the long-term. 




Figure 8.8. Porosity of PC and M-S-H concrete 
Porosity has strong relationships with mechanical properties of concrete such that a one percent 
increase in porosity causes a reduction in concrete strength in the range of 5 - 6% (Massazza, 1996). 
It is clear that for the PC concrete there is an increase in strength associated with a decrease in 
porosity. For M-S-H samples, there was relatively little increase in strength over the 90 days 
associated with a reduction in porosities. The strength developed that did occur during the 90 days 
was mainly attributed to the reactions between brucite and silica to form the main binding phase M-
S-H. The higher porosity partially explains the lower strength and modulus of elasticity of M-S-H 
compared to PC concrete. The adverse effects of the high porosity were reduced somewhat by the 
replacement of MgO-SF mixture by quartz filler. The quartz filler increases packing density by 
improving particle size distribution of the binder.  
 Oxygen Permeability Index (OPI) 
The durability transport properties of concrete can be assessed by measuring the resistance of the 
concrete to the movement of gasses such as oxygen. The empirical studies show a reasonable relation 
between the carbonation resistance of concrete for instance and the early age (28 days) OPI values, 
such that the OPI can be used as a durability indicator in a carbonation-type service life models in 
which high OPI suggests low carbonation depth (EN, 2009). The OPI is related to permeability 
coefficient by the equation: 
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Concrete typically has an OPI ranging from approximately 8.5–10.5 (equivalent K from approximately 
3.2 × 10−9 to 3.2 × 10−11 m/s) (Beushausen and Luco, 2015). Mackechnie and Scott (2012) suggest OPI 
values above 10.0 indicate low permeability and those less than 8.0 high permeability in concrete. 
Specification, used by the South African National Roads Agency Limited (SANRAL) provide a lower 
OPI limit of 9.0 (k=10x10-10) for concrete used in potentially aggressive environments for highway 
bridges (Beushausen and Luco, 2015). 
Figure 8.9 presents oxygen permeability coefficients of M-S-H and PC concrete over the 90-day curing 
period. It was found that both M-S-H and PC concrete samples could be considered to have excellent 
durability at 7 days with a low coefficient of oxygen permeability. As the hydration process proceeded 
however, the permeability coefficients at 28 and 90 days for the SF40 and 10% quartz filler mixes 
increased considerably indicating a more open pore structure for the concrete. The trend of 
increasing permeability with time for the M-S-H binder systems is very different from what was 
observed for the traditional PC concrete which showed a decrease in permeability coefficient 
attributed to a densification of the pore structure. The permeability increase of M-S-H concrete over 
the 90 days curing period suggests an increasing level of pore connectivity or microcracking 
associated with the formation of M-S-H binding phases. It is possible that the consumption of brucite 
and silica to form M-S-H overtime reduced the total volume of hydration products despite the on-
going hydration. Further investigation is necessary to determine the true cause of the increase in 
permeability and the long-term implications on the durability of the M-S-H binder system.  
The incorporation of 10% quartz filler however was able to limit the increase in permeability k = 10 
x 10-10 (m/s) for the Q10 samples compared to SF40 samples without quartz filler. The M-S-H concrete 
is therefore predicted to be more permeable and potentially less durable than PC concrete due to the 
more open pore structure. 
 




Figure 8.9. Permeability coefficient of M-S-H and PC concrete 
 
 Resistivity Test 
Resistivity test was performed to evaluate the electrical resistivity of M-S-H samples compared to PC. 
The test provides a rapid indication of the penetration resistance of concrete to the movement of ions 
(chloride ions in particular). It is important to note that resistivity is a function of both the pore 
solution composition and the pore structure of the concrete. The pH, and by extension, conductivity 
of the pore solution of PC paste is typically several times greater than that of the M-S-H paste. The use 
of 3.5% NaCl to saturate the concrete was intended to counter the differences in the pore solution and 
to allow for a more accurate comparison of transport properties between the various types of binders. 
The values presented in Table 8.3 shows the relation of Rapid Chloride Penetration (RCP) and 
Resistivity tests reported in previous studies based on saturation with tap water rather than NaCl and 
are directly comparable to the results from this investigation. They are only meant to provide a 
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Table 8.3. Chloride Ion Penetration and resistivity classification 
(Adapted from AASHTO (2011) and Gudimettla and Crawford (2016)) 
Chloride Ion 
Penetration 
RCP Test Charges 
Passed 
(Coulombs) 
Bulk Resistivity Test 
(KOhm.cm) 
High > 4,000 <6.3 
Moderate 2000-4000 6.3-11 
Low 1000-2000 11-19.5 
Very Low 100-1000 19.5-134 
Negligible <100 >134 
 
Resistivity results of concrete samples from the early age of 7 days to a long-term curing duration up 
to 90 days are presented in Figure 8.10. 
 
Figure 8.10. Permeability coefficient of M-S-H and PC concrete 
For PC concrete, resistivity increases over the time due to the formation of C-S-H phases which result 
in dense cement pastes and reduce the connectivity of the pores in the microstructure. The resistivity 
indexes of PC samples at 28 and 90 days are over 11.0 and classified as low risk of Chloride ion 
penetration (Table 8.3). The resistivity of M-S-H samples increases up to 28 days however decreases 
considerably at 90 days age to reflect the unusual trend of increasing permeability over the long-term. 























7 days 28 days 90 days
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improvement of the resistivity for M-S-H concrete and even obtains higher resistivity indexes than PC 
samples at 7 and 28 days age.  
Although M-S-H concrete has higher porosity and permeability than PC concrete, it is shown that 
some resistivity indexes of M-S-H concrete are higher than those of PC, which is not correlated with 
porosity and OPI testing results and is likely a function of the lower pH in the pore solution of the M-
S-H binder.   
 Microstructure 
Microstructures of M-S-H and PC paste samples analyzed by SEM imaging are shown in Figure 8.11, 
8.12, 8.13. Figure 8.11 presents fracture surfaces of PC pastes with homogenous microstructures 
showing a decrease in very small pores from 28 days (Figure 8.11(a)) to 90 days (Figure 8.11(b)). 
Figure 8.12(a) shows SF40 paste samples without quartz filler in which large pores were observed. 
Unreacted brucite laminae were visible at 28 days age while the M-S-H gel were formed connecting 
and covering the reacted brucite particles. The presence of micro-cracks during the hydration up to 
90 days in Figure 8.12(b) might result from the high shrinkage of M-S-H binder, which could be one 
of the causes for the increase of permeability compared to PC as previously discussed. Connected 
pores were also observed in the M-S-H pastes (Figure 8.12(b) and Figure 8.13(b)), possibly results 
from the conversion of brucite and SF to M-S-H gel as identified by the XRD results provided in Figure 
8.5. Since brucite is the predominant early hydration product in M-S-H concrete, the effect of 
connected pores from brucite dissolution might be significant and adversely affect the permeability. 
It was also shown in the Q10 paste samples that quart filler improved the dispersion of MgO and SF 
particles, resulting in denser pastes with virtually no micro-crack was found (Figure 8.13). The 
presence of connected pores was somewhat lower with the Q10 samples compared to SF40 samples 
without quartz filler. Further investigation is suggested to counter the effect of those connected pores 
to M-S-H binders. 
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                            (a) PC - 28 days                                                   (b) PC - 90 days 




         
                          (a) SF40 - 28 days                                              (b) SF40 – 90 days 
Figure 8.12. SEM images of M-S-H paste samples at 28 and 90 days 
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                          (a) Q10 – 28 days                                               (b) Q10 – 90 days 
Figure 8.13. SEM images of 10% quartz filler M-S-H paste samples at 28 and 90 days 
 
 CONCLUSIONS 
Mechanical and durability properties of concrete using mixtures of reactive magnesium oxide and 
silica fume as the binder were investigated. The following conclusions can be drawn based on the 
experimental results of the selected materials:   
The M-S-H binder system composed of 60% MgO and 40% SiO2 enables the production of concrete 
with compressive strengths over 40 MPa at 28 days which may be suitable for a wide range of 
structural applications. The mechanical properties and durability of M-S-H concrete (compressive 
strength, tensile strength, modulus of elasticity) are somewhat lower than those of control PC 
concrete at the same mix proportions and water to binder ratio. 
The selected binder composition of 60/40 MgO/SF results in an unusual non-linear stress-strain 
relationships in the loading range up to 40% of compressive strength. 
The concrete using 60/40 MgO/SF binder system had a higher permeability and porosity than the 
control PC concrete, which indicates a higher potential risk for long-term deterioration. The 
formation of M-S-H phases appeared to result in an increased pore connectivity over the 90 days 
curing period.  
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The incorporation of 10% quartz filler into the 60/40 MgO/SF system can significantly increase the 
compressive strength, tensile strength and modulus of elasticity. M-S-H concrete containing 10% 
quartz filer showed a linear stress-strain behavior unlike the MgO/SF only concrete. 
The use 10% quartz filler appeared to improve the M-S-H binder’s homogeneity, dispersion and 
packing density to reduce porosity and permeability compared to the non-filler binder system. 
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9. CHAPTER 9                                                                                   
EXPERIMENTAL STUDY ON MODULUS OF ELASTICITY                   
OF M-S-H BINDER SYSTEMS                                                                                                             
Preamble 
The experimental programmes presented in previous chapters have studied a number of 
fundamental engineering properties of M-S-H cement pastes and mortars. The microstructures and 
hydration process analysis in chapter 4 has confirmed the ease of the formation of M-S-H binding 
phases at room temperatures, which laid the foundation for the development of M-S-H binder 
systems. The pore solution analysis of M-S-H paste samples in chapter 5 also showed the effects of 
pHs and chemical compositions of the raw materials on the hydration process which was consistent 
with XRD and SEM/EDS results. 
The compressive strength, which is widely considered as one of the most important mechanical 
properties of cementitious materials, were well studied in chapter 6 and chapter 7. While chapter 6 
focused on finding the strength capacity of M-S-H binders and the optimal binder composition for 
strength and workability, chapter 7 expanded the compressive strength tests to a wide range of silica 
sources. In particular, the effects of different curing conditions such as different moisture conditions 
and curing temperatures were investigated.            
The developed M-S-H binder systems have obtained normal-to-high compressive strengths for a wide 
range of structural applications. Chapter 6, 7, 8 have shown that the optimal binder composition was 
able to achieve compressive strengths up to approximately 90 MPa and over 40 MPa with mortars 
and concrete mixes, respectively. However, other mechanical properties such as elastic modulus or 
tensile strength are also important in order to meet structural design requirements. In the literature, 
the stress-strain behaviours of M-S-H cementitious materials were not fully understood due to a lack 
of studies in this field.  This chapter, therefore, further presents the characteristics of elastic moduli 
of M-S-H cement pastes with the aim to bridge this gap in the literature and evaluate stress-strain 
behaviors for the purpose of structural design considerations of M-S-H cementitious materials. 
 
 





Experimental study on modulus of elasticity and Poisson’s ratio of magnesium silicate hydrate (M-S-H) 
cement pastes was performed in comparison with Portland cement. Mixtures of MgO with various silica 
sources were prepared with silica contents ranging between 40-60%. It was found that the 28-day 
compressive strengths of M-S-H cement pastes are lower than PC. The M-S-H binders also result in a 
lower modulus of elasticity than PC control samples. The stress-strain behavior of the M-S-H cement 
pastes shows a high degree of nonlinearity after elastic range. The silica sources was found to 
significantly affect the Poisson’s ratio for the M-S-H binder which ranged from 0.10 to 0.21. The material 
source is one of the major factors of the high variability of the properties of M-S-H cement pastes 
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 INTRODUCTION  
Recent research on M-S-H binder systems has generally focuses on the potential benefits of the 
binder as an alternative to Portland cement (PC) to reduce the negative impacts of CO2 emissions 
on the environment. The synthesis M-S-H binder systems use reactive magnesium oxide calcined 
at low temperatures (700-1000oC) and are able to incorporate a high proportion of silica, 
including industrial by-products or waste materials such as silica fume, fly ash, rice husk or 
natural pozzolans. Other magnesium-based binders under development have claimed to be 
carbon neutral or even carbon negative involving CO2 sequestration by magnesium-rich minerals 
olivine and serpentine to form magnesium carbonates which are then decarbonated to produce 
reactive magnesium hydroxide (Pacheco-Torgal, 2014). There are also potential benefits of using 
M-S-H binders for the immobilization of nuclear wastes (Zhang et al., 2012; Walling et al., 2015). 
A number of studies have focused on the improvement of workability and optimization of 
strengths of M-S-H binders (Wei et al., 2006; Zhang et al., 2014; Marmol et al, 2016; Tran and Scott, 
2017). The microstructure was also investigated to characterize the formation of the M-S-H 
binding phases (Li et al., 2014; Lothenbach., 2015., Nied et al., 2016). In addition, the material 
source was also considered to have a major influence on the consistency and possibly be one of 
the biggest challenges to develop M-S-H binders (Jin et al., 2013). 
Despite the availability of the previous studies, the modulus of elasticity of the M-S-H binders has 
not been addressed adequately. For PC concrete, the modulus of elasticity was well studied and 
the relationship of the modulus of elasticity and compressive strength of PC cementitious 
materials was specified extensively in structural design guidance including NZS 3101 (2006). For 
M-S-H binders, chapter 8 has shown that M-S-H concrete might achieve compressive strength of 
over 40 MPa, or even beyond. However, the concrete samples also exhibited the unusual non-
linear stress-strain behaviors at stress even below 40% of the ultimate strength. It is understood 
that the stress-strain responses are of utmost importance for structural design considerations. 
Accordingly, further experimental studies on stress-strain behaviors of M-S-H binders in various 
conditions were required. As chapter 8 discussed the elastic modulus of the M-S-H concrete, this 
chapter particularly studies modulus of elasticity of M-S-H cement pastes to understand the 
stress-strain responses of the pastes compared to concrete samples in chapter 8. The testing of 
stress - lateral strain responses was also conducted to evaluate the Poisson’s ratio of cement 
pastes using M-S-H binders. In addition, comparison of different silica sources and control cement 
paste samples using PC were discussed. 
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 EXPERIMENTAL PROGRAMME 
 Materials 
Magnesium oxide (MgO), silica fume (SF), microsilica (MS) and rice husk ash (RHA) were used for 
modulus tests. Details of material properties are described in Chapter 3. 
 Mix proportions 
Pastes samples with different silica sources were prepared for modulus of elasticity tests in 
comparison to control samples using Portland cement. Sample labels and mix proportions are 
presented in Table 9.1. Effects of binder compositions on resulting cement pastes are examined 
by varying MgO/SiO2 ratios from 40/60 to 60/40 (by mass). 
Due to the high water demand of M-S-H binders, a superplasticizer (Sika ViscoCrete-5-555 (NZ)) 
was used to obtain adequate workability. The superplasticizer dosage and w/c ratio were selected 
based on a previous work (Tran and Scott, 2017) (Chapter 6) which describes the fresh properties 
of various MgO-silica mixtures. 
 
Table 9.1. Mix proportions (be mass) and 28 day results for M-S-H paste samples 















SF60 0.4 0.6 0.45 0.03 Sealed  8.6 1.5 1.0 0.66 0.21 
SF50 0.5 0.5 0.45 0.03 Sealed  12.2 3.6 2.4 0.67 0.18 
SF40 0.6 0.4 0.45 0.03 Sealed  13.9 5.3 4.3 0.82 0.21 
MS60 0.4 0.6 0.45 0.03 Sealed  6.0 2.2 0.6 0.28 0.16 
MS50 0.5 0.5 0.45 0.03 Sealed  9.8 5.1 1.8 0.34 0.20 
MS40 0.6 0.4 0.45 0.03 Sealed  13.6 6.7 4.9 0.73 0.18 
R60 0.4 0.6 0.45 0.04 Sealed  8.4 2.4 0.9 0.38 0.15 
R50 0.5 0.5 0.45 0.03 Sealed  14.1 7.4 5.6 0.75 0.17 
R40 0.6 0.4 0.45 0.03 Sealed  18.4 8.4 5.8 0.69 0.10 
PC - - 0.45 - Sealed  34.3 16.8 14.6 0.87 0.17 
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 Testing methods 
Paste cylinders sized 50 mm diameter × 100 mm height were cast for modulus of elasticity testing. 
The samples were demolded after 48 h before curing at room temperature in sealed containers 
until tested at 28 days age. Two strain gauges were attached to the surface of each sample to 
measure the longitudinal and transverse strains of each sample (Figure 9.1). Three cylindrical 
samples were tested to calculate the average value for each reported result. The static modulus of 
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 RESULTS AND DISCUSSION 
 Compressive strength 
Figure 9.2 shows the compressive strengths of M-S-H pastes compared to a control sample using 
PC. Mixtures of MgO and each silica sources are discussed as follows: 
 
Figure 9.2. Compressive strength of cement pastes samples at 28 days age 
M-SF mixtures 
M-SF paste samples obtained relatively low compressive strengths at 28 days age. The strengths 
varied from 8.6 MPa for mixtures containing 60% silica fume to almost double strength of 13.9 
MPa for mixtures containing 40% silica fume. 
Particle size and bulk density of SF have a large influence on the strengths of the binders. The SF 
particles are microfine with a mean particle size of approximate 0.1 µm and low bulk density. Such 
properties can result in a very high microfine content and consequently increase the porosity of 
mixtures as SF content increases from 40-60%. Although the stoichiometry of M-S-H formation 
reactions may favor an optimal 40/60 MgO/SF ratio, the high SF content also results in high 
porosity and adversely affects the strength. Similar results of MgO/SF ratio for optimal strength 
and workability have also been reported in Chapter 6. 
It was observed that w/c ratio also significantly influenced the strengths of the pastes. In this 
experiment, in order to produce the mixtures with a constant w/c and compare different silica 
sources, the w/c = 0.45 was required mainly for the workability of M-RHA and M-MS pastes even 
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porosity for the M-SF paste samples. In chapter 6, a series of M-SF paste samples achieved good 
workability with lower w/c of only 0.40 due to the use of superplasticizer and such lower w/c 
resulted in higher strengths compared to M-SF mixtures of w/c=0.45 presented here. Testing 
results in chapter 6 also showed that with M-SF mortar mixtures and w/c=0.45, the inclusion of 
quartz sand (quartz/binder ratio = 0.5/1.0) also reduced the water content of the mixtures, 
increased packing density and therefore increased strengths of the mortars compared to the 
pastes. The inclusion of RHA as another silica source occurred as a later addition in this study of 
the M-S-H system and as a result was not included in the work at w/c=0.4 presented in chapter 6. 
M-MS mixtures 
Mixtures of M-MS show the same trend as observed with M-SF samples in which the increase in 
MS content reduces the compressive strength. The range of the strengths is lower than M-SF 
mixtures varying from only 6.0 MPa (M-MS40 samples) to 13.6 MPa (the highest among M-MS 
samples). The MS was ground to a very high fineness to increase reactivity. However the adverse 
effects of grinding to the high fineness and angular morphology occurred in which the use of a 
high proportion of MS increased the porosity of the cement pastes.  
M-RHA mixtures 
M-RHA pastes have higher strengths than using SF and MS in which the 28-day compressive 
strength was able to reach 18.4 MPa. The high strengths show the high reactivity of RHA and its 
potential use as silica fume replacement to reduce the cost of blended cement. 
The mean particle size of RHA is 40 µm, which is far higher than SF and MS and even higher than 
MgO. The particle size of RHA would not affect the density to the same extent as SF or MS, however, 
the very porous microstructure of RHA, its low bulk density and angular morphology may increase 
the porosity of the resulting binders and require a high water demand for workability. A minimum 
w/b of 0.45 is required for workable M-RHA mixtures.  
PC sample 
The PC paste samples show a higher compressive strength than all M-S-H mixtures at 28 days age. 
One of the reasons is the slow strength development of M-S-H binders which can develop 
significant strength from 28 to 90 days age as discussed in Chapter 7. 
Overall, it can be seen that M-S-H paste samples showed lower strengths than PC. The factors that 
influence strength development are not only the optimal MgO/Silica ratio for chemical reactions 
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forming M-S-H as the main binding phases but also the silica properties such as particle size, 
morphology, and microstructure. 
 Stress-strain behaviours at low range of compressive strengths   
The stress-strain behaviour of PC cementitious materials is generally considered to be elastic at 
the low range of stress up to 40% of the compressive strength. For M-S-H binders, the study of 
concrete mixes in chapter 8 showed the unusual stress-strain relationship in which the non-linear 
stress-strain responses occurred and can be described as concave curves. Such stress-strain 
nonlinearity is not desirable in structural design and therefore the study of stress-strain 
relationships of M-S-H cementitious materials at the low range of stress and in other conditions is 
of importance for the application of the new binders in building/civil structures.      
 
Figure 9.3. Stress-strain behaviours of M-SF paste samples at 28 days age 
Figure 9.3 shows typical stress-strain behaviours of M-SF cement pastes under stress up to 40% 
compressive strengths. Samples were prepared with three different MgO/SF ratios (40/60, 
50/50, 40/60) to evaluate the effect of MgO/SF ratio on the modulus of elasticity.  
It was found that different MgO/SF ratios resulted in different stress-strain behaviours of the 
resulting paste samples. It was observed that for the paste of high MgO/SiO2 ratio (MgO/SF = 
60/40) the typical stress-strain relationship was slightly non-linear in a concave curve. On the 
other hand, the high SF content paste sample (MgO/SF = 40/60) showed another form of non-
linearity as a convex curve while a linear-like stress-strain behaviour was shown with 50/50 
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The strength, microstructure, and porosity are possibly among the most influencing factors of the 
stress-strain behaviours. It was obvious that MgO/SF ratio significantly affected the strength and 
microstructure of the resulting binders in which hydration products (brucite and M-S-H phases) 
were formed with different proportions, as discussed in chapter 6. The change of MgO/SF also 
resulted in mixtures of various packing density/porosities. Accordingly, the variation of strength, 
microstructure and porosity may lead to different behaviours of the stress-strain relationship of 
the cement pastes with different MgO/SF ratios. For example, the excess amount of silica resulted 
in poor packing density and lower compressive strengths for SF60 mixes compared to SF40 mixes. 
The lower compressive strength is possibly the reason why SF60 mixes resulted in higher strain 
than SF40 mixes under same level of stress.  
 
 Comparison of cement paste and concrete samples using M-SF binders 
In chapter 8, the concrete samples were produced for testing mechanical and durability 
properties. A binder composition of 60% MgO-40% SF was selected for the concrete and the mix 
without quartz filler showed a non-linear stress-strain relationship as shown in Figure 9.4. 
 
Figure 9.4. Stress-strain behaviours of M-SF concrete samples at 28 days age (Adapted from Figure 
8.7 – chapter 8) 
The stress-strain relationships of the paste samples (Figure 9.3) were compared to those of 
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S-H cementitious materials in various conditions. It should be noted that there were some 
difference in the paste and concrete samples as follows: 
• The w/c ratio of the concrete was only 0.40 due to the good workability achieved with 
the use of superplasticizer and the inclusion of round coarse aggregate. On the other 
hand, the w/c of the paste was increased to 0.45. 
• The mix proportions of the concrete include the fine and coarse aggregates which 
differed from the paste without aggregates. 
• The concrete was water-cured while the paste was sealed and cured in room 
temperatures. Such conditions resulted in different moisture conditions of the concrete 
and paste samples at the time of testing. 
In comparison to SF40 concrete mix, it was observed that the SF40 paste samples resulted in 
similar non-linear stress-strain behaviours and those curves were slightly concave. The non-
linearity of the stress-strain relationship of the concrete samples was therefore influenced by the 
cement paste. It can be seen that both cement paste and concrete samples showed some degree 
of non-linear stress-strain behaviour at the low range of stress, which is not desirable in structural 
design, and the solution to modify those non-linear responses is required.  
However, it was found that the stress-strain relationship of the paste can be modified using 
different MgO/SF ratios (Figure 9.3). Therefore, it appears that suitable selections of the binder 
compositions may result in desirable stress-strain behaviour of the M-S-H cementitious materials. 
Another viable solution to adjust the stress-strain behaviour of the concrete is the use of quartz 
filler was also discussed in chapter 8. 
 Effect of silica sources 
The stress-strain relationships of M-MS paste samples are shown in Figure 9.5. The typical stress-
strain behaviours of M-MS mixtures are almost similar to M-SF mixtures in which the MgO/SiO2 
ratio has a significant impact. At low MgO/MS ratio of 40/60, the stress-strain response was 
slightly non-linear as a convex curve. As the MgO/MS increased to 50/50, the linear stress-strain 
response was observed which was similar to the 50/50 MgO/SF paste sample. The high MgO/MS 
ratio of 60/40 resulted in a non-linear stress-strain response however the nonlinearity was 
slightly different from 60/40 MgO/SF paste sample. As for M-RHA paste samples (Figure 9.6), 
typical stress-strain responses with all MgO/RHA ratios were non-linear as convex curves. 
The similarity and difference of the stress-strain responses of M-S-H cement pastes using different 
silica sources were subject to the MgO/SiO2 ratios. The change of binder compositions was known 
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in microstructure study (Chapter 4 and 5) to result in various proportions of hydration products 
including brucite and M-S-H phases, which may play a key role in the stress-strain behaviours. In 
mixtures containing high silica content (MgO/SiO2 = 40/60) where the majority of the hydration 
products were M-S-H phases, the stress-strain behaviours were consistent in which the slightly 
convex curves were observed. In contrast, the high MgO/SiO2 ratio of 60/40 which often results 
in the high brucite proportion of the hydration products, have shown the unstable stress-strain 
responses. In addition, the variation of microstructure and porosity results from changing binder 
compositions are other potential influencing factors on stress-strain behaviours. Although the 
non-linear stress-strain behaviour is undesirable for structural design, it was found that the M-S-
H binders might result in both linear and non-linear stress-strain responses, and the modification 
of binder composition was able to alter the stress-strain behaviours to obtain linear responses. 
 



















Figure 9.6. Stress-strain behaviours of M-RHA paste samples at 28 days age 
 
 Modulus of elasticity (MOE) 
The modulus of elasticity of cementitious materials, which is defined as the ratio between normal 
stress to strain of the linear proportion of the stress-strain relationship, is a critical design 
parameter to measure instantaneous elastic deformation of the structures. The MOEs of the 
samples are calculated according to ASTM C469 adopting the assumption of a linear range up to 
40% of the ultimate compressive strength for the stress-strain relationship. 
 













































Figure 9.8. Relationship of MOE and Compressive strength of M-S-H cement pastes (w/c = 0.45) 
Figure 9.7 presents the MOEs of M-S-H binders compared to PC sample. M-SF samples have the 
lowest MOEs only in the range from 1.5 to 5.3 GPa. M-RHA samples have the highest MOEs in all 
M-S-H cement pastes varying from 2.4 GPa (R60 mixture) to 8.4 GPa (R40 mixture). It is obvious 
that PC sample has higher MOE than M-S-H samples. MOE testing results show a common upward 
trend as silica content decreases from 60% to 40%. As discussed before, the MgO/Silica ratio has 
been attributed to having an influence on the compressive strength and therefore has affected the 
MOEs of resulting binders. Such a relationship between compressive strengths and MOEs is shown 
in Figure 9.8.  The correlation of linear regression analysis indicates the proportional increase of 
MOEs results from the increase of compressive strengths. However only a limited number of 
samples were tested, further studies are necessary to characterize the relationship between 
strength and elastic modulus of M-S-H binder systems. 
 Non-linear stress-strain behaviour  
As the load increases out of elastic range, the stress-strain relationship becomes unproportional 
and is known as plastic behaviour. Such nonlinearity can be assessed by the degree of curvature 
of the stress-strain graph in which generally MOEs decrease as the strain increases at higher rates 
than the applied stress. In this study, a point “immediately” before failure (without bonding failure 
of the strain gauge and sample) is used to determine the non-linear behaviour of the pastes. The 
secant modulus between the point of 50 millionths strain and the failure point is determined. 

























Figure 9.9. Representation of the stress-strain relation for M-S-H cement pastes 
The ratios of secant MOE and MOE (MOEsecant/MOE) reflect the stress-strain behaviour in the 
plastic state as the stress exceeds 40% of the ultimate compressive strength. A linear stress-strain 
behaviour should have a MOEsecant/MOE ratio equal to 1.0. For other cases, the lower the 
MOEsecant/MOE ratios, the more the secant MOEs decrease which indicates the increase in the 
deformation of the samples (Figure 9.9). 
The secant modulus of each M-S-H and PC sample at plastic state compared to its MOE is also 
presented in Figure 9.7 above. The measured secant moduli are lower than MOEs for all samples 
as the strain generally increases before failure. The decrease of MOEs represented by 
MOEsecant/MOE ratios is illustrated in Figure 9.10. A ratio close to 1.0 indicates a high proportion 
of linear stress-strain behavior, for example, PC sample has an average MOEsecant/MOE ratio equal 
to 0.87. On the other hand, all M-S-H samples show lower MOEsecant/MOE ratios in the range from 
0.28 to 0.82 which suggests a large decrease of secant moduli and also a large increase of strains 
of M-S-H pastes, particularly the M-MS samples. The low MOEsecant/MOE ratios may also indicate 
a lower portion of linear stress-strain behavior compared to PC. The full stress-strain behaviour 
graphs of all mixtures from zero load until debonding failure between samples and strain gauges 
are shown in Figures 9.11 – Figure 9.20. 




Figure 9.10. Representation of the stress-strain relationship for M-S-H cement pastes 
Silica content also influences the stress-strain relationship of M-S-H binders. Although a 
MgO/silica ratio of 40/60 wt% may be optimal for the formation of M-S-H phases as described in 
the previous chapters, such high silica content also generally results in low MOEs and a high 
degree of nonlinearity of stress-strain behavior. The low MOEs in combination with a low portion 
of stress-strain behavior may be result in challenges for the design of structures using M-S-H 
binders. 
The experimental results are obtained from the pastes samples cured at room temperature under 
sealed conditions. However, it is known that other factors such as aggregate type, proportion, and 
curing conditions also have a strong impact on the stress-strain behavior of the resulting 
cementitious materials. For example, the M-S-H concrete introduced in Chapter 8 has shown 
unusual non-linear stress-strain behavior instead of linearity at a low range of stress. Further 
research on MOEs of M-S-H binders is recommended in future studies for the structural design of 
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Figure 9.13. Stress-strain behaviour of SF50 paste sample 
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Figure 9.15. Stress-strain behaviour of MS60 paste sample 
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Figure 9.17. Stress-strain behaviour of MS40 paste sample 
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Figure 9.19. Stress-strain behaviour of R50 paste sample 
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 Poisson’s ratios  
 
Figure 9.21. Poisson’s ratios of M-S-H and PC paste samples 
Figure 9.21 presents Poisson’s ratios of M-S-H pastes compared to PC samples. Various binder 
compositions result in different Poisson’s ratios as for M-S-H samples. M-SF samples have 
Poisson’s ratios slightly higher than M-MS samples with the highest value of 0.21. The M-RHA 
samples have lowest Poisson’s ratios compared to all other samples in which R40 mixture only 
obtains a Poisson’s ratio of 0.10. In average, M-S-H binders have Poisson’s ratio of 0.17, which is 
similar to the control PC sample. 
  CONCLUSIONS 
The stress-strain relationship of M-S-H cement pastes strongly depends on the source of silica and 
binder compositions. Compressive strengths of M-S-H cement pastes using SF, MS, and RHA are 
generally lower than PC. For paste samples of a fixed w/b of 0.45, the lower silica content in a 
range of 40-60% of the binder leads to higher compressive strength. 
At the low range of stress up to 40% of the compressive strength, MgO/SF ratios have a significant 
influence on the stress-strain behaviour of the paste and the concrete which may result in 
different stress-strain behaviours including both linear and non-linear responses. The selection 
of suitable binder composition may result in a more desirable stress-strain behaviour, similar in 
shape to PC. 
Modulus of elasticity is highly influenced by the compressive strength. The higher compressive 
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MOEs of M-S-H pastes samples are lower than PC, possibly due to the slow strength development 
of M-S-H binders. Also, the increase in nonlinearity after elastic range shows the high deformation 
of M-S-H cement pastes. Further studies are recommended to improve the MOEs of M-S-H 
cementitious materials for structural applications. 
Although having a lower MOEs and a high degree of non-linearity, M-S-H cement pastes have 
Poisson’s ratios comparable to PC. 
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10. CHAPTER 10                                                                
CONCLUSIONS AND RECCOMMENDATIONS ON 
FUTURE STUDIES  
 
This research on M-S-H binder systems has been carried out with the purpose of developing new 
cementitious materials focussed on sustainable development requirements in the context of 
reducing the negative impact of cement production to the environment. This work includes 
extensive experimental programmes that have yielded valuable results for a variety of related 
topics which are of fundamental importance for the application of M-S-H binders. The research 
findings have been analyzed and closed a number of current research gaps, and also give 
directions for future studies of the M-S-H binders, which have only been developed as a 
cementitious material since the last decade (2006). Below is a summary of the main contributions 
of the thesis arranged in the order of the presented chapters. The final section provides a 
recommendation for future research directions for further understanding and improvement of M-
S-H cement materials. 
Characteristics of M-S-H binder constituents 
The MgO and silica sources used in this study were commercially available in large scale to the 
construction industry, so they can be used in practice if the required engineering properties are 
met. The selected magnesium oxide had MgO content of above 70%. The silica sources of silica 
fume, natural pozzolan and rice husk ash all had SiO2 content of over 80%. The fly ash had the 
lowest silica content of approximately 50%. Each MgO and amorphous silica source used for M-S-
H binders had distinct features of chemical composition, particle size, shape, texture and porosity. 
The material sources influenced both fresh and hardened cement paste, mortar and concrete and 
led to very different material properties of the resulting binders such as reaction mechanism, 
strength and microstructure. The details of the various properties and the effect of silica source 
on those properties are dicussed in the following sections.  
 Hydration products and microstructures of M-S-H binder systems              
(Objectives 1 -i, ii) 
XRD spectra was used to explain the hydration process and the hydration products of M-S-H 
cement over a long-term curing period up to 365 days. The hydration process showed a 
combination of two reaction mechanisms. The first stage involved the hydration of reactive MgO, 
followed by the formation of M-S-H as a reaction between brucite (hydrated MgO) and amorphous 
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silica in MgO-silica. The hydration of MgO is completed within about 7 days for the selected MgO 
source. The reactions to form M-S-H are not clearly shown by XRD peaks of M-S-H at the age of 7 
days, but it is confirmed by the intensity reduction of XRD peaks of MgO and Mg(OH)2. The 
formation of M-S-H is clearly visible in the period of 28-90 days. The reaction mechanism shows 
the existence of brucite as a primary hydration product in the binders, at least up to 28 days age. 
The second stage is the formation of M-S-H binding phases in which M-S-H will gradually replace 
the brucite which is associated with an increase in strength. The slow hydration process of 
forming M-S-H strongly affects the strength development of M-S-H at early ages. 
The MgO/SiO2 ratios significantly affect the hydration products. The MgO/SiO2 molar ratio of 1.0 
(40/60 by mass) appears ideal for the formation of M-S-H with a complete reaction of hydrated 
magnesium oxide and amorphous silica to form M-S-H gel over 90 days curing period. MgO/SiO2 
molar ratios higher than 1.50 (50/50 by mass) result in residual brucite in the mixture even after 
long-term curing. Silica sources with different material reactivity, purity and particle sizes also 
have a strong effect on the hydration products. SF, MS, and RHA have high reactivity to activate 
hydrated MgO in M-S-H binder systems. However, the formation of M-S-H phases in M-FA systems 
is negligible due to the low reactivity and high pH of FA. The design of M-S-H binder systems is, 
therefore, complicated due to the influence of silica sources. 
By using SEM, the microstructure of M-S-H cement pastes have been investigated and compared 
to PC. The very porous structure of M-S-H pastes have been found, basically due to the high 
porosity of reactive MgO and silica, especially silica fume with ultrafine particle size and RHA with 
porous microstructure due to being calcined at low temperatures. The SEM images over the time 
also reflect the microstructure change to increase the homogeneity of the cement pastes due to 
the formation of M-S-H phases. The SEM images show the effect of MgO/SiO2 ratio and material 
sources on the hydration process. Residual brucite is clearly observed when the MgO content 
increases in the binder composition. In addition, fly ash is regarded as a less reactive source of 
silica as found almost unreacted after a long-term curing duration. 
The SEM/EDS analysis is able to give additional information on the formation of hydration 
products over the time by quantifying the elements on the surface of the samples. M-S-H binding 
phases are readily formed with highly reactive silica (SF, MS, RHA). The amount of M-S-H in 
cement pastes gradually increases and is proportional to the consumption of brucite and silica. 
For M-FA mixtures, the Mg/Si ratio is very high, showing the poor distribution of SiO2 in the 
mixture, and therefore the formation of M-S-H is negligible. The EDS analysis well agrees with XRD 
results in reflecting the reaction mechanisms of the formation of M-S-H. The Mg/Si molar ratios 
Chapter 10                 ___________________________________________________________________________________________ 
261 
 
of M-S-H binding phases are found to be in between 1.0 to 1.50, which are consistent with reported 
results in the literature. 
 Pore solution analysis of M-S-H binder systesms (Objectives 1 -iii, iv) 
The pore solution analysis represents a significant contribution of this study as no other similar 
work has been found in the literature. Knowledge of the chemical composition of the cement pore 
solution is essential as it reflects the hydration process and and the durability of hydrate phases 
over the time. In addition, the understanding of pH and ion concentrations in the pore solution is 
useful for the evaluation of the corrosion risk if steel reinforcement is used in the structures. A 
high pressure device was built at University of Canterbury to extract the pore solutions. Such 
device was successfully applied to the paste samples prepared with w/c of 0.60 to obtain sufficient 
pore solutions for the analysis. Mixtures contain reactive magnesium oxide and each source of 
silica including silica fume (SF), natural microsilica (MS), rice husk ash (RHA) and fly ash (FA) 
with MgO/silica ratios varying in between 40-60 weight %. 
M-S-H binders are naturally alkaline in which the pH of the pore solutions strongly depends on 
the reactivity and alkalis content of the raw materials. The typical trend of the pH development of 
M-S-H binder systems was a fairly rapid initial decrease over the first few days followed by a more 
gradual decrease over time during 90 days testing period.  SF, MS, or RHA mixed with MgO results 
in pH at 2 days age in the range of 10.50 – 11.70 followed by a pH reduction to below 10.50 at 90 
days. M-FA mixtures had a higher pH in the pore solutions of above 11.00 at all testing ages due 
to the high content of impurities including sodium, potassium and calcium compounds. The ICP-
MS analysis showed the dominant ions available in the M-S-H binders were sodium, potassium, 
calcium, magnesium and silicon with the concentrations strongly influenced by the pH and 
solubility of the binder constituents. The pH and ion concentrations also indicate the formation of 
M-S-H phases in mixtures of MgO with different silica sources. The reaction mechanism reveals 
the increase in magnesium concentrations along with the decrease in silicon concentrations under 
the low pH environment. The highly reactive silica sources such as SF, MS, RHA are vital for the 
formation of M-S-H phases while fly ash appears not to react with reactive MgO in M-S-H binder 
systems. 
 Optimization of strength and workability of MgO-silica fume mixtures 
(Objectives 2 – v to vii) 
Based on previous studies, low strength and poor workability are among the most common 
challenges of M-S-H cement compared to PC. However, the experimental work in this study has 
shown significant improvements to the workability of M-S-H cementitious materials. One of the 
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main reasons of the high w/c ratio is related to the very low bulk specific gravity of amorphous 
silica which results in an increase in the w/c ratios. The porous structure of materials such as rice 
husk ash and the ultra-fine particle sizes of silica fume and MS require high water demand. 
Moreover, the angular shape of ground materials is detrimental for the workability. To improve 
the workability, experimental results have confirmed the effective water reduction of polymer-
based superplasticizers. It is now feasible to achieve workable mixes using M-S-H binders with 
w/c lower than 0.40. 
Compressive strength is probably the most important property of construction materials, 
especially for structural applications. This research project has studied binary systems of MgO-
silica as a basis for strength capacity of M-S-H binders and it is possible to produce cement pastes 
and mortars using MgO-silica mixtures to obtain 28-day strength of up to 43.7 MPa, which can be 
sufficient for a wide range of structures. In addition, a significant improvement to the compressive 
strength was observed when quartz fillers were added into produce a ternary systems. Quartz 
fillers play a very important role in improving the microstructure, packing density, and the 
dispersion of MgO and silica in ternary binder systems (MgO-silica-quartz fillers). Quartz fillers 
were highly effective at improving the strength and workability of M-S-H cement. The highest 
compressive strength results from the optimization of M-S-H binder composition was 
approximately 90 MPa. This high strength confirms the high strength capacity of M-S-H cement 
which can be widely used for construction materials. 
 Strength development of M-S-H binders with different silica sources and 
under different curing conditions (Objectives 2 – viii, ix) 
Although a compressive strength of approximately 90 MPa was achieved, M-S-H binders contain 
very high content of amorphous silica and therefore may be sensitive to different curing regimes. 
For this reason, an experimental programme was conducted to characterize the effects of curing 
conditions and different sources of materials on the strength development of the M-S-H 
cementitious materials over a long-term curing duration up to 365 days. 
In general, water curing is crucial for the hydration process of PC. Surprisingly, M-S-H samples 
cured at ambient conditions achieved higher strength than PC samples at the ages of 28, 90, and 
365 days, despite a lower strength at 7 days age. On the other hand, strengths of M-S-H samples 
cured in water were significantly lower than those of Portland cement samples. It is found that 
the water curing duration had a large influence on the strength development of M-S-H binders in 
which the water curing with up to 28 days age resulting in the highest long-term strength of over 
70 MPa at 365 days age. The water curing longer than 90 days reduced long term 365-day 
strengths of M-SF mixtures. Heated treatment also had a significant influence on the strength 
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development of M-S-H binder mortar mixtures. Heated treatment for 1-3 days effectively 
increases early strengths for M-S-H binders, however, reduced long-term strengths over 90 days. 
Although heated treatment might be an effective method to improve the early strengths of M-S-H 
binders, the temperature and heating duration should be carefully selected to avoid negative 
influences on the long-term strengths. 
The source of silica had a strong influence on the strength and microstructure of the hardened M-
S-H pastes due to the variation of reactivity, morphology and the material fineness. To compare 
four silica sources, it can be seen that the reactivity plays a key role in the compressive strengths. 
SF had a high reactivity with ultra-fine particles size resultling in the highest strengths while FA 
results in very low strengths as a result of the low reactivity. As previously noted, water curing 
adversely affected the long-term strength development of M-SF mixtures. However, when using 
MS and RHA the strength continued to develop over the investigation period. 
The experimental programme also compared strengths of hydration products of MgO-silica 
mixtures including M-S-H binding phases and brucite. It is shown that the brucite formed as the 
weak biding phases with very low strengths while the M-S-H gel obtain much higher strengths 
and can be regarded as the main binding phases to develop strengths in M-S-H binder systems. 
The tests over the long-term up to 365 days also revealed the slow strength development of M-S-
H binders which probably resulted from the slow chemical reactions between brucite and silica 
to form M-S-H binding phases. While PC samples develop most of their strength before 28 days 
age, the M-S-H binders obtain a significant portion of their strength between 28 and 90 days curing 
period. 
 Mechanical and durability-related properties of concrete using M-S-H 
binders. (Objectives 2 – x, xi, Objective 3 - xii) 
Production and testing of concrete samples using M-S-H binders is essential for the purpose of PC 
replacement in a large scale. Therefore, an experimental programme was performed to study the 
important mechanical and durability properties of concrete samples. Concrete using M-S-H 
binders can achieve normal strength of over 40 MPa for a wide range of structural applications. 
However, the tensile strength of M-S-H concrete is relatively low at approximately 3.5 MPa. It may 
be possible to improve this low tensile strength by using steel or fiber reinforcement, but this was 
not specifically investigated in this study. There are some options to reduce corrosion risk due to 
the low pH if steel reinforcement is incorporated in M-S-H binder systems. However, the 
suitability of using stainless steel, corrosion inhibitors or cathode protection methods should be 
carefully investigated in future studies. The elastic modulus is another important characteristic 
related to the deformation of concrete structures. In this study, stress-strain behaviors of M-S-H 
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cement pastes and concrete samples have been tested. The results show that M-S-H cementitious 
materials have lower elastic moduli than control samples using PC. 
Some basic durability-related properties of M-S-H concrete such as oxygen permeability and 
porosity have been investigated in which M-S-H concrete shows higher porosity and oxygen 
permeability compared to PC concrete. Also, it is unusual that the oxygen permeability of M-S-H 
concrete increased over the time of the hydration process during the formation of the M-S-H 
binding phases. This unexpected phenomenon of M-S-H concrete is very different from that of PC 
when the formation of hydration products can fill the capillary pores to result in a denser cement 
paste with a lower permeability.  
To improve the mechanical and durability properties of M-S-H concrete, quartz fillers have been 
introduced in ternary systems of MgO-silica-quartz fillers. With 10% of M-S-H binder 
replacement, quartz fillers significantly improve microstructures and hydration process as well 
as reduce the porosity of the pastes. Accordingly, quartz fillers increased compressive strength, 
tensile strength and elastic modulus of the concrete samples. The successful production of normal 
strength concrete of over 40 MPa has shown the potential of using the developing M-S-H binders 
in the large scale for the benefits to the environment. 
 Reccommendations and future research directions 
This thesis has thoroughly studied the engineering properties of M-S-H binder systems and shown 
the potential to use this new material in construction industry. Although important progress has 
been made, it can be seen that there are still a number of challenges in the developing M-S-H 
binders and future studies are recommended to achieve desirable properties of this binder in 
practice. Key issues in future reseach directions may include: 
The search for new material sources of reactive MgO and reactive silica is necessary to utilize 
different sources of material to achieve greater environmental benefits. New technologies are 
crucial to produce high quality and cost-competitive material sources for PC replacement in the 
near future. 
Although adequate workability has been achieved with M-S-H binders, the new binder still 
requires an increased amount of mixing water and superplasticizer to maintain its workability. 
Therefore, it is necessary to study additional solutions to further improve the workability of M-S-
H cement, especially for structural applications in large scale. 
The quartz fillers result in improved microstructure and mechanical properties of M-S-H binders. 
Thus, effects of different fillers and the optimization of fillers should be studied to develop multi-
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component systems containing reactive MgO and silica. It is recommended that microstructural 
analysis on the actual mortar and concrete samples incorporated fillers should be further studied 
to be able to establish an accurate correlation between the mechanical tests and microstructure. 
The experimental programmes of M-S-H cementitious materials in this thesis were conducted for 
a curing duration up to 365 days age. There are some cases where the long-term strengths of 
water-cured M-S-H samples decreased after 90 days age. It is also unfavorable that the M-S-H 
concrete showed increasing permeability over the time. Future studies of properties of M-S-H 
binders in the long-term up to 365 days and longer are therefore necessary for a full 
understanding and finding of solutions for those limitations of M-S-H binder systems. 
A tremendous experimental programme has been carried out in this research. Yet, the analysis of 
hydration kinetics, the quantification of hydration products, and the analysis of the chemical 
structure of hydration products is strongly recommended to provide useful information to 
complement the existing findings. Other research interest in all aspects of M-S-H binders is 
enrouraged to improve the quality of the raw materials, the microstructures, the mechanical 
properties and durability of M-S-H binders. The contribution of this thesis and future studies will 
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Appendix A (Chapter 2) 
A.1. Ultra-high performance concrete (UHPC) approach 
Mix proportioning methods of Reactive Powder Concrete (RPC) and Ultra-high performance 
concrete (UHPC) have been studied extensively in the literature. One of the first reported mix 
designs is the development of RPC by Richard and Cheyrezy (1994) in which the produced 
concrete achieved compressive strength of 170-230 MPa with heat-treatment up to 90oC. 
In general, the key principles of RPC concrete in comparison to other PC concrete are: 
 Enhancement of the homogeneity by total elimination of coarse aggregate. Aggregates 
include only fine sand with a maximum particle size of 400-600µm. 
 Enhancement of compacted density by elaborate selection of granular gradation. 
 Reducing water to binder ratio to a minimum demand in use of high content of high-range 
water reducer. 
 Enhancement of microstructure by temperature curing and adding reactive silica 
(crushed quartz, silica fume and other pozzolanic materials). 
 Enhancement of ductility by integration of fibers in the concrete matrix. 
Numerous studies have been conducted towards the development of RPC/UHPC family of 
concrete. Summary of mix proportions of RPC/UHPC in the previous studies is presented in Table 
A1. It is commonly accepted that there are no widely agreed specific and scientific proportioning 
techniques that result in reliable and expected mechanical properties as seen in the conventional 
concrete mix design. However, it can be seen that majority of the mixtures resulted in high 
strength require high cementitious materials content (700-1000 kg cement) in addition to low 
water to binder ratio. The pozzolanic reaction is utilized by the addition of siliceous materials 
(silica fume at 25-33 wt.% and quartz powder at 0-39 wt.% of cement). The recommended 
aggregate content varies substantially in which aggregate/cement ratio is as low at 0.49 in 
CEMTEC concrete (Rossil et al., 2005) or as high as 1.75 in Ductal concrete (Graybeal, 2006). The 
suggested optimal aggregate/binder ratios are inconsistent and varies in a wide range in between 
1.0 and 1.5 (Richard and Cheyrezy, 1995; Park et al., 2008; Wille et al., 2012; Rangaraju et al., 
2014). 
In New Zealand context, there are few publications on reactive powder concrete as no expertise 
on this type of material had been developed until 2000 (Yang, 2000). The early study on the 
manufacturing of RPC using common New Zealand materials was conducted by Yang (2000) with 
compressive strength achieved at 100-117 MPa. One of the most recent studies was conducted by 
Lee and Chrisholm (2005) confirmed the success of production of RPC with both local and 
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commercial materials in New Zealand with compressive strength of up to 211 MPa, except the 
unsuccessful replacement of silica fume by a local pozzolan (Microsilica 600) which obtained 
compressive strength of only 43-84 MPa. 
The key principles of UHPC approach have considerably improved mechanical properties and 
durability of UHPC compared to normal PC. The high strength and durability of UHPC, in 
conjunction with the similarity of the two binder systems (consisting of high microfine siliceous 
materials content), indicates potential applications of UHPC mix proportioning, mixing and curing 
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Table A.1. Typical UHPC compositions and compressive strength 


















regimes Type Mass/ Ratio 
 
Aydin and Baradan 
(2013) 
Mass 
(kg/m3) 720 180 
Quartz, 
dmax=3mm 1278.5 - 117.8 0.17 50 123 
176.1-
214.6 
Aydin et al. (2010) Mass (kg/m3) 940 282 
Quartz, 
dmax=4mm 1000 200 234 0.13 43 (litre) 125 170-200 
Aydin et al. (2010) Mass (kg/m3) 940 282 
Lime-stone, 
dmax=4mm 960 - 234 0.13 43 (litre) 125 180-200 
Blais and Couture 
(1999) 
Mass 
(kg/m3) 710 230 silica sand 1010 210 190 0.21 19 (litre) 200 200 












0.21 2% - 150-217 
Charron et al. (2007) Mass (kg/m3) 1051 273 dmax=0.5 mm 733 - 468 0.12 35 165 168 
Cheyrezy (1999) Mass (kg/m3) 710 230 
Fine sand, dmax 
=1mm 1020 215 160 0.15 10 140 200 





Quartz + Coarse, 
d=0-8mm 
1146-




(solid) 192-195 130-150 





Quartz + Coarse, 
d=0-8mm 0-1031 - 187 0.18 12.7 (solid) 200-215 160-180 










- 187-188 0.18-0.22 
12.7-12.8 








mass) 196-306 110-156 
Dugat et al. (1996) Mass (kg/m3) 950 237 
Silica sand, 




0.15 16 (solid) 180 194-203 
Graybeal and Hartmann 
(2003) (%) 1.0 0.33 
Fine sand, d=0-
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Graybeal (2006) Mass (kg/m3) 712.0 231 - 1020 211 156 0.12 
30.7, Glenium 
3000NS 109 126 
Habel et al. (2006) Mass (kg/m3) 1050 275 Quartz, d≤500 µm 730 - 470 0.14 35 190 160 
HDR (2002) (%) 37.0 9 Quartz 41 - 6% mass 0.18 2.00% - 160 
Kamal et al.(2013) (%) 874.0 97.00 Silica sand, FM=2.72 1012.00 - - 0.30 0.50% 291 127 








 - 0.14  198.2 164.9-237.9 
Larrard and Sedran 
(1994) 
Mass 
(kg/m3) 868 269.3 
Quartz, 
dmax=0.4mm 1088.3 
 - 0.17  191.3 224 






 0  - 0.13  274.5 244.9 
Lee and Chisholm 
(2005) (%) 1 0.25 
Silica/ River sand, 
d=0.15-2.36mm 1.1 0 0.175 
0.11-
0.21 
0.74-0.84 %  
(solids) - 128-197 





1.61-2.49 %  
(solids) - 162-204 
Máca (2013) Mass (kg/m3) 800 200 
Fine sand, d=0.1-





Máca (2012) (%) 1 0.25 Fine sand, d=0.1-0.8mm 1.22 
0.25 







Monosi et al. (2000) Mass (kg/m3) 928.7 232 
Lime-stone, d=0.1-
8mm 1021.6 - 185.7 0.21 
12.6 
(solid) 241.4 175-185 
Monosi et al. (2000) Mass (kg/m3) 930 232.5 
Quartz sand, 
d=0.1-0.4mm 1023 - 186 0.20 
12.6 
(solid) 232.5 175-200 




1.25 - - 0.225 




Richard and Cheyrezy 
(1995) (%) 1 0.25 Quartz, d≤0.6mm 1.1 0 0-0.175 0.15 
0.6-1.6% 
(solids) - 170 
Richard and Cheyrezy 
(1995) (%) 1 0.23 Quartz, d≤0.6mm 1.1 0.39 d50=10µm 0-0.175 0.15 
0.6-1.6% 
(solids) - 230 
Richard and Cheyrezy 
(1994) 
Mass 
(kg/m3) 955 229 
Find sand, d=0.15-
0.4mm 1051 10 191 0.13 13 153 
100.6-
230 
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1.0mm 1002.3 - 858 0.16 
44 
(liquid) 180.3 220 
Russell and Graybeal 
(2013) 
Mass 
(kg/m3) 712.0 231 Find sand 1020 211 156 0.12 30.7 109 140-200 
Shaheen and Shrive 









0.15 0.019 - 243-288 




(0-45µm) 240 0.19 
52  
(liquid) - 145-157 









Tam et al. (2010) Mass (kg/m3) 761 247 
Quartz, d=0.15-
0.60 mm 1090 
226 






Cotulio (2015) (%) 1.0 0.25 
Fine+Coarse, 
d≤12.5mm 1.0-2.0 0.25 - 0.2-0.3 0.03 - 155-200 








(solids) - 194-246 




(solids) - 140-200 

















Yazici et al. (2009) Mass (kg/m3) 830 291 Quartz, d≤3.0mm 977 - 234 0.16 
55 
(liquid) 151 202-255 













(liquid) 176.9 99-141.5 















(liquid) 202.1 142-156 
Zdeb (2013) (%) 1.0 0.20 Quartz 0.81 0.34 - 0.24 0.03 - 194-212 
Appendices_________________________________________________________________________                                                                                                                                            
272 
 
A.2. Particle packing models 
Concrete is a mixture of at least three components of water, binder and aggregate. For a given set 
of materials, variations of those components and other additives directly influence the properties 
of both fresh and hardened concrete. Numerous studies in the literature have shown the 
improvement of the fluidity and strength of concrete with a high packing density. The following 
outlines the key principles of the packing density theory which can be used to optimize the binder 
composition to increase particle packing for desired mechanical properties and workability of the 
developing M-S-H binder systems. 
A.2.1. Packing density 
Packing density of a constituent in a mix is measured by the ratio of solid volume of the particle 










Voids content, is then calculated by the equation: 
αε −= 1  
The dry packing density of particles, when measured by mass of particles filled in a container and 








Fennis (2012) note that the packing density of concrete aggregates may vary from 0.55 to 0.80. 
However, the packing density of a mix combined by a series of constituents subjected to a number 
of variables include packing density and volume fraction of each constituents, particle shape and 
texture, compaction conditions. There are a number of packing density models applicable to M-S-
H binder system which are discussed below. 
A.2.2. Continuous particle packing models 
Packing density of grades affect produced concrete properties in which maximum strength will 
be achieved in accordance with a minimal void of the mixture. Numerous studies (Fuller and 
Thomson, 1907; Adreasen, 1930; Funk and Dinger, 1980) assumed that a continuous grade of all 
grades between minimum and maximum size existing in the mix with a specific distribution 
resulted in densest packing. It means that each discrete grade will be mixed with another grade 
with adjacent size to fill in the void of the larger grade. The broad particle size distribution to 
infinite small particle size will therefore result in densest particle packing.  
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In 1907, Fuller and Thomson proposed an empirical relationship of continuous granulation, which 
is called “Fuller ideal curve”, presented the cumulative finer volume fraction as an exponent 
function of maximum size diameter, in which a minimal void to be achieve when exponent n 












CPFT - cumulative finer volume fraction 
d – particle diameter being considered 
dmax – maximum particle diameter in the mixture 
n – exponent adjusts the curve for fineness or coarseness 
As the “Fuller ideal curve” is a simple formula without consideration of particle shape, in 1930 
Andreasen recognized that there is always possibility to include finer particles in residual void of 
a certain curve, in particular the case of aggregates with sharp shape. The exponent was modifier 
to account for the fineness or coarseness of the grades with. The smaller exponent, the more 
fineness effect but the exponent will be in the range of 0.21-0.37.  
A fundamental problem with those equations above is the assumption of infinitesimal small 
particles to fill the voids of an infinite distribution, which is not the case. As a lack of small size 
restriction resulted in inaccuracy, Funker and Dinger (1980) pointed out that both maximum and 
minimum particle size have influence on the optimal density. The formula was modified with the 
inclusion of minimum particle dmin and an exponent of 0.37 for a better expression of continuous 











Ideal packing curves according to Fuller, Andreasen and Funk and Dinger are shown in Figure A1. 
The simple method of ideal curves could be useful for preliminary design as it reflects the ideal 
proportion of each particle size in the mixture in a way to achieve a high packing density where 
continuous grade is available. 
 




Figure A.1. Ideal packing curves according to Fuller, Andreasen and Funk and Dinger for a maximum 
particle diameter of 32 mm and a minimum particle diameter of 63 μm (Fennis, 2011). 
The advantage of the ideal curves methods are their relative simplicity, being based on a few 
variables of particle sizes, proportions and fixed exponent. However, without consideration to 
shape, compression effect, there is always deviation from the real packing density. Also, there is 
no relation between the ideal curve functions and the real packing density. Since those limitations 
exist, the ideal curve method needs to be used in conjunction with other optimal techniques of 
mix proportioning. 
A.2.3. Discrete packing models 
In contrast to “ideal curves” method, the discrete models including Furnas Model, Linear Particle 
Packing Model (LPPM), Compressible Packing Model (CPM) consider the packing density of 
mixture of different sizes. While Furnas model is simple and can only apply for a binary mix, the 
LPPM and CPM model are more complicated however can apply for multi-component mixture 
with computer aid programme. The basics of these models are summarized below. 
(1) Furnas model for binary mixture 
The first discrete packing model was reported to be proposed by Furnas (1929). The Furnas 
model considers the maximum density of a binary system of fine and coarse grain sizes with 
d1>>d2. Denoting the mutual volume fractions of fine and coarse grains are r1, r2(r1+r2=1), the 
volume fractions of fine and coarse grains in a unit bulk volume are ϕ1, ϕ2 and the packing densities 
of individual grains are  α1, α2, there are two cases of domination of coarse grains (r1>>r2) and fine 
grains (r1<<r2) in which the packing density of the mixture is determined respectively: 
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Case 1 (r1>>r2): In this case, the large particles fill in a unit bulk volume with packing density α1 
as if there is no small particle. The small particles are then filled in the voids between the large 
particles. The total packing density is calculated by the volume of large particles, plus the volume 








=+=+=Φ    (1) 
Case 2 (r1<<r2): In this case large particles are added in a volume unit of a matrix of small particles. 
Large particles are separated and there is no void between them. The small particles fill in the rest 







=−+=+=Φ    (2) 
There is only one optimum total packing density in which all the voids between large particles are 
filled by small particles. In this case, the packing densities calculated by formula (1) and (2) equal. 
In other cases, the minimum value of formula (1) and (2) is the packing density of the mixture. 
The Furnas model can be used only for binary system with particle size of d1>>d2. 
(2) Linear packing density model 
As Furnas model was limited to binary system, other authors studied and extended the model for 
polydisperse system. Stovall et al (1986), Larrard and Sedran (1994) proposed linear packing 
model to determine the maximum packing density of a mix with n classes of grains. The 
assumptions are the multi-component system comprises n grains size d1>>d2>>d3>>…>>dn; the 
mutual volume fractions of each pure components are y1, y2, … , yn in which ( )ntoiyi 11 ==∑ ; each 
component has packing density denoted by α1, α2, … , αn determined as they are packed 
individually. Also, in linear packing density, the effect of particle size to packing density is 
considered, by integration of the loosening and wall effect functions. For a t size class of grains (
nddtDd =≥≥=1 ), the maximum packing density of the mixture is calculated by:      
( )( )tcc min=  
( ) ( )









The loosening effect f(z) is caused by particle sizes smaller than t-size class when filled in the void 
between t-size particles while the wall effect is caused by particle sizes larger than t-size and 
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reduce packing density of t-size particles. These functions are determined by the following 
equations: 
( ) ( ) ( )








The advance of linear packing density is the ability to apply the model to any mixture of unlimited 
size and number of monosize classes. This LPPM has shown good correlations in practice to 
predict optimal proportions of superplasticizer cementitious materials (Larrard and Sedran, 
1994). 
(3) Compressible packing density model for grain mixtures 
The packing density, to its nature, deal with the geometry of the granular materials to determine 
the maximum and actual packing density of a mix. The three factors affect the density of a mix of 
grains are listed as the size, the shape of the grains and the packing method. 
The compressible packing model (CPM) is the third generation model developed by LCPC and 
proposed by Larrard (1999). The CPM is the only model accounting for all three main parameters 
controlling the packing density of a mix. The CPM is able to determine the actual packing density 
of a polydisperse mix of any size and shape, however, is also considered the most complicated 
model. Given a mix of n mono classes with particle size di (i=1 to n), the procedure to determine 
actual packing density then requires a number of steps as follows: 
Total virtual packing density of the mixture 
The difference in the LPPM and CPM model is that instead of using the experimental packing 
density α(t), the CPM used the virtual packing density of each individual monosize grain βi to 
calculate the total virtual packing density. The CPM model has same method of formulating 
equations as shown in Furnas and LPPM models. The general model derived from simple binary 
and ternary mix before a generalized equation can be deducted. 
In consideration of binary mix of two mono-sized classes, having β1, β2 as individual virtual 
packing density and Ф1, Ф2 as partial volume in a unit volume of the mix. The virtual packing 
density of the mix may be calculated as: 











In the case of dominance of class 1, the virtual packing density is calculated by: 









In the case of dominance of class 2, the virtual packing density is calculated by: 









Figure A2 illustrated the packing density of monosized grains and mixture. The AB segment 
depicted the dominance of coarse grain with void filled efficiently by fine and an optimal packing 
density was obtained at a specific fine content. As the fine content is dominant and exceeded the 
optimal Figure (segment BC), the packing density decreased proportional with the increase of fine 
content. Without consideration of dominant class, virtual packing density of any combination of 
the two classes is then written as: 
( )nii ≤≤= 1minγγ  
 
Figure A.2. General case of the packing density of granular mixtures with only coarse (a), only fine 
(c), and the combined fine and coarse aggregate grains (b) (Marković, 2006). 
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Where       ( )nii ≤≤= 1minγγ  
In account for the interaction of loosening (opening) and wall-effect, the final formula of γi is 
deducted:  
( )





































In which the loosening effect and wall effect are introduced by the introduction of aij and bij factors, 
determined by the equations: 
( ) 02.111 ijij dda −−= and ( ) 50.111 jiij ddb −−=  
The virtual (non-random) packing density of each monosize class, βi, is determined from the 
relation with experimental packing density of the respective class, αi. In fact, a mix with a virtual 
packing density can obtain different actual packing density, depending on the compaction process. 
The effect of compaction energy, which was not mentioned in the previous model, is proposed by 
the introduction of compaction factor K. The larger the K factor, the higher actual packing density, 











As seen from the equation (1), the K value is required to determine the virtual packing density of 
each individual component, based on the experimental (actual) packing density. Larrard (1999) 
suggested K factor for different compacting methods: 4.1 (pouring), 4.5 (dry rodding), 4.75 
(vibration), 6.7 (wet compacting), 9 (vibration plus 10 kPa pressure applied). 
Actual packing density of polydisperse system 
The total virtual packing density only represents a potential maximum packing density in which 
particles are arranged one by one and this does not occur in practice. However, the highest actual 
packing density can be determined from maximum virtual packing density in Compressible 
packing model.  
Similar to individual components, actual packing density of the multi-component system depends 
on the compaction method of the whole multi-component system. Effect of different compaction 
method, applied to the mix, expressed by the following equation: 
































β  (1) 
As seen from the equation, the actual density  Φ  can be determined from the pre-determined 
parameters including solid fractional volumes, virtual packing densities of the pure classes and 
the mix, and the compaction index K. It is shown that the K factor is proportional with Φ and the 
higher K will result in better packing density. For a polydisperse system, it is complicated to solve 
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A.3. Curing of PC concrete containing silica fume 
The curing regime is one of particular importance after mixing to ensure adequate mechanical and 
durable properties of the concrete materials. In the case of high micro-fines and low w/b mixture, 
the curing effect is even more importance to provide sufficient water for the hydration process. 
Curing influence both early-age and long term mechanical properties and microstructure of the 
produced concrete. 
Effect of water curing to mechanical properties 
In plastic shrinkage cracking as water evaporates from the concrete surface faster than being 
supplied by bleeding, tensile stresses will develop and ultimately exceed the resistance of still-
plastic concrete, results in cracking. It is widely accepted that silica fume concrete has less 
bleeding and this cause silica fume concrete to be more vulnerable to plastic shrinkage cracking 
(SFA, 2015). 
Continuous protection during placing, finishing and curing is crucial for silica fume concrete. The 
risk of plastic shrinkage cracking increases with the increase of silica fume content and the 
reduction in water to binder ratio. Whiting and Detwiler (1988) studied silica fume concrete for 
bridge decks and suggested that the silica fume content did not affect the cracking if the mixtures 
were given 7 days of continuous moist curing. It was recommended a minimum 7 days moist 
curing for silica fume concrete to avoid plastic shrinkage cracking and get the most benefit from 
silica fume (Holland, 1987; Whiting and Detwiler, 1988). 
Appropriate moist curing on compressive strength of hardened silica fume concrete is also critical 
in which a lack of moisture normally causes detrimental effect. Tountanji and Bayasi (1999) 
studied silica fume concrete with silica fume content ranged from 10-30% in three curing regimes 
including air cure, moist cure and steam cure at 80oC. At the test age of 35 days, concrete cured in 
air with low humidity had a considerably lower compressive strength, compared to samples cured 
in moist of 100% humidity. Steam cure at 80oC resulted in the highest compressive strength of 
samples in the experiment. Apart from influence on compressive strength, the author confirmed 
that curing in high humidity also resulted in a low permeability concrete with greater durability. 
The similar conclusions were found in a study on influence of dry and wet curing conditions on 
compressive strength of silica fume concrete (Atis et al., 2005). The comparisons showed that 
concrete cured at dry condition (65% humidity) achieved 28-day compressive strength of 13% 
lower than that of curing in 100% humidity (f’cdry = 0.87f’cwet). Other important remarks were that 
the negative effect of dry cure increased with the increase of silica fume replacement ratio and the 
increase of water to binder ratio. 




Figure A.3. Relation between dry-cured and wet-cured compressive strength (Atis et al., 2005) 
Effect of heated-treatment to microstructure 
The heated-treatment of PC concrete has been well-investigated in the literature, but little 
information on the curing M-S-H concrete has been found. It is useful to outline effect of different 
temperature cured regimes to UHPC using PC based on different curing temperature as follows: 
At ambient temperature (20oC), it is reported that the pozzolanic reaction of silica fume was weak 
and slow. At higher curing temperature of 50oC-65oC, the pozzolanic reaction rate increased 
without modifying the microstructure. 
Curing temperature at 90oC or higher enabled the modification of microstructures of hydrates as 
longer amorphous C-S-H chain were formed and pozzolacnic reaction was substantially 
accelerated (Richard and Cheyrezy, 1995; Cheyreze et al., 1995). The reason was explained that 
elevated temperature caused increase in SiO2 solubility, regardless of its amorphous or crystalline 
forms, resulting in additional quantities of binding gel phase (Zdeb, 2013). In a study by Benezet 
and Benhassaine (1999) of grinding and pozzolanic reactivity of quartz powder, it was found that 
the chemical reaction of quartz powder and calcium hydroxide took place at about 100oC. The 
reaction rate was confirmed to depend chiefly on the sizes and particle distribution. There is a 
criticle particle size at which smaller particles contributed to the major pozzolanic effect. Benezet 
and Benhassaine (1999) suggested a critical median d50 of 5µm whereas higher mean particle size 
of 10µm – 25µm was used by Richard and Cheyrezy (1995) and Menzel (1934). Tam and Tam 
(2012) also confirmed the pozzolanic reaction of both silica fume and crushed quartz at 100oC 
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curing. The pozzolanic reaction of silica fillers was described in the following equation (Benezet 
and Benhassaine, 1999): 
SiO2 + CaO + H2O →(CaO)1.1(SiO2) × H20 
Large effects of heated treatment occurred at 200-400oC, demonstrated by crystallization of 
amorphous cement hydration products (C3S2H3) into tobernorite (C5S6H5) and xonotlite (C6S6H), 
along with presence of pozzolan and crushed quartz powder to lower C/Si molar ratio in C-S-H gel 
phases (Cheyrezy et al., 1995).  
 
Figure A.4. Pozzolanic ratio versus heat treatment temperature of RPC (Cheyrezy et al., 1995) 
The relationship of pozzolanic reaction and temperature was described in figure A4 (Cheyrezy et 
al, 1995) in which two effective curing temperatures was found at 90oC and 250oC for maximum 
pozzolanic reaction and microstructure modification. Tam and Tam (2012) described that the 
hydration product were amorphous below 100oC, the crystallinity started with tobermorite 
formed at 150oC and became coarse and denser at 200oC, followed by the formation of xonotlite 
at 250oC. The quality of crystal formation was improved better with longer heating duration while 
curing temperature increased. However, it should be noted that the micro cracks and voids might 
be appeared in heated treatment samples without fibers.        
Effect of heated-treatment to compressive strength development 
Silica fume concrete is more sensitive to curing temperature than ordinary Portland cement 
concrete, illustrated by greater strength acceleration on condensed silica fume concrete than on 
control sample without silica fume (Yang, 2000). Strength development would be dependent upon 
silica fume/cement ratio and temperature range. 




Figure A.5. Effect of curing temperature on concrete strength development (Verbeck and Helmuth, 
1968) 
 
Curing at temperatures below 20oC and high silica fume content appeared to retard strength 
development of condensed silica fume concrete more for control concrete (FIB, 1988). The 
increase of curing temperature to 35-65oC accelerated pozzolanic reaction of silica fume concrete, 
consequently increased early strength. An example was that condensed silica fume concrete cured 
at 50 oC had 1-day strength comparable to a control sample of equivalent proportions cured at 
standard conditions (FIB, 1988). Verbeck and Helmuth (1968) also showed the effect of different 
temperatures (10-50oC) on strengths at 1 day and 28 days age (Figure A5). Sabir (1995) reported 
that the average ratio of 7 and 28 day compressive strengths was up to 97% with 50°C water 
curing, instead of only 76% with 20°C water curing, whereas the 91 day strengths were not 
influenced by the two curing temperatures. 
On the other hand, Ozyildirim (1998) studied compressive strength of 7% silica fume concrete 
with moist curing at 4 different temperatures (5, 10, 23 and 38oC). The results shown in figure A6 
revealed that curing below 23oC reduced both early and long-term compressive strength, while 
curing at 38oC had a positive effect on early age strength up to 28 days followed by negative effect 
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on long-term strength at 1 year age. The reason for long-term strength reduction was well studied 
in PC concrete by a number of authors and it was widely accepted that high curing temperature 
(up to 60oC) normally resulted in rapid hydration but retarded subsequent hydration, 
consequently formed coarse and interconnected pores structure of high porosity (Verbeck and 
Helmuth, 1968; Goto and Roy, 1981; Kjelsen et al., 1990a,1990b; Acquaye, 2006). 
 
Figure A.6. Effect of temperature curing at 5, 10, 23, and 38oC to PC concrete of 7% silica fume 
cement replacement (adapted from Ozyildirim (1998)). 
 
Temperature curing of 90°C and higher has been applied particularly to reactive powder and 
ultra-high performance concrete to improve early and long-term strength (figure A7). Pozzolanic 
reaction of silica fume is activated by temperature and a gain of 30 % strength is obtained by 
curing at 90°C during two days (Richard and Cheyrezy, 1994). Yazici et al. (2009) also tested 
reactive powder concrete containing silica fume of 25% binder under different curing regimes. 
Compressive strength test at 4 days age of samples demolded at 1 day followed by steam curing 
at 100oC in 3 days showed an increase of 26%, compared to samples cured in water and tested at 





























Figure A.7. Optimum strength values obtained for different relative densities and temperature 
(Richard and Cheyrezy, 1995) 
The highest curing temperature was currently applied at 250-400oC. The resulting hydrates were 
very strong and the microstructure was modified with the formation of higher density crystalline, 
therefore resulted in rapid strength development. RPC cured at 250-400oC coupled with pre-
setting pressurization achieved compressive strength up to 680 MPa (Richard and Cheyrezy, 
1995). 
Canbaz (2014) studied effect of high temperature on reactive powder concrete in which the 
concrete was exposed to temperatures ranged from 20 to 900oC for 3 hours after demoulding. The 
results shown in figure A8 indicated an effective range for the temperature curing and 
improvement of mechanical properties of concrete. For samples without fiber, the compressive 
strength increased as temperature increased up to 100oC, and decreased as temperature 
continued increasing. On the other hand, adding fiber will improve compressive strength and fire 
resistance of concrete, illustrated by a strength increase when exposed to temperature up to 
400oC. Addition of fiber also enhanced ductility as in heated-treatment, the fracture energies of 
the materials sharply reduced while compressive strength increased (Richard and Cheyrezy, 
1995). 




Figure A.8. Relative compressive strength of RPC at high temperatures (Canbaz, 2014). 
Optimal heating duration 
There is always an optimal heating duration at a given curing temperature. Larrard and Sedran 
(1994) tested ultra-high performance concrete cured in 90oC at normal pressure and humidity for 
2 and 4 days. It was shown that the temperature curing for longer than 2 days resulted in the same 
compressive strength. On the other hand, Tam and Tam (2012) investigated reactive powder 
concrete cured at 8, 16, 24, 36, 48 hours and found that the optimal heating duration increased as 
the curing temperature increased. At 100oC, the difference of compressive strength cured at 8h 
and 24h was only 5.1%, suggested a curing duration of 8 h might be sufficient. However, at 250oC, 
the difference of compressive strength cured at 8h and 24 h was 18.5% and increased by 5% from 
24h to 48h curing, revealed that a heating duration of 24 h was optimal, even longer heating 
duration may improve compressive strength. For the achievement of maximum compressive 
strength, the common heating duration of 24-48 hours was found in most of previous studies. 
To sum up, moisture and temperature are of utmost importance factors affecting mechanical of 
silica fume concrete. As silica fume concrete is more sensitive to temperature and moisture than 
conventional concrete, it appears that particular consideration is required for M-S-H concrete to 
achieve desirable properties. Temperatures below 20oC and dry curing delay strength 
development while higher curing temperature should be based on desired compressive strength 
at specified age. Heated-treatment without modifying microstructure (<90oC) may increase early 
strength but reduce long-term strength. Higher temperature cure (90oC and above) may be more 
suitable for reactive powder concrete whereas microstructure can be enhanced in presence of 
ground quartz. Continuous moist curing is always needed to avoid plastic and dry shrinkage 
cracking. However, it should be noted that M-S-H binders have different compositions and 
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reaction mechanisms compared to PC. Therefore studies should be carried out to investigate 
whether different curing regimes have effects on the mechanical and durability properties of M-
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Appendix B (Chapter 3) 
















sand River sand Stone 
0.05     0.00             
0.10     28.45 0.00           
0.40     64.05 12.20           
1.00 0.14   82.04 35.00 0.00 0.16       
5.00 17.63 0.61 100.00 84.60 13.54 14.93       
10 57.60 4.25   94.50 41.18 33.65       
25 83.71 11.26   98.18 56.44 62.48       
50 91.36 22.11   99.60 62.05 77.12 0.00 0.00   
75 95.74 43.00   99.80 70.98 87.28 0.97 2.10   
150 99.09 90.35   100.00 89.87 96.99 12.68 8.75   
300 100.00 100.00   100.00 99.52 100.00 68.69 39.62   
600         100.00   98.00 62.37   
1180             100.00 71.57   
2360               85.60   
4750               100.00 0.00 
9530                 25.00 
16000                 100.00 
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4.47 0.00 1.73 0.00 1.51 0.00 
5.12 0.21 1.98 0.11 1.73 0.12 
5.87 0.68 2.27 0.28 1.98 0.30 
6.72 1.63 2.60 0.56 2.27 0.54 
7.70 3.33 2.98 0.97 2.60 0.87 
8.82 6.06 3.41 1.56 2.98 1.29 
10.10 10.05 3.91 2.39 3.41 1.83 
11.57 15.48 4.47 3.52 3.91 2.50 
13.25 21.88 5.12 5.07 4.47 3.36 
15.17 28.56 5.87 7.16 5.12 4.45 
17.38 34.89 6.72 9.92 5.87 5.87 
19.90 40.59 7.70 13.46 6.72 7.72 
22.80 45.68 8.82 17.79 7.70 10.14 
26.11 50.34 10.10 22.87 8.82 13.27 
29.91 54.80 11.57 28.62 10.10 17.25 
34.26 59.27 13.25 34.69 11.57 22.21 
39.23 63.92 15.17 40.66 13.25 28.19 
44.94 68.83 17.38 46.16 15.17 35.10 
51.47 73.86 19.90 51.04 17.38 42.71 
58.95 78.81 22.80 55.29 19.90 50.72 
67.52 83.43 26.11 59.02 22.80 58.78 
77.34 87.54 29.91 62.41 26.11 66.59 
88.58 90.93 34.26 65.60 29.91 73.86 
101.46 93.50 39.23 68.77 34.26 80.34 
116.21 95.34 44.94 72.06 39.23 85.83 
133.10 96.71 51.47 75.50 44.94 90.20 
152.45 97.76 58.95 79.06 51.47 93.52 
174.62 98.56 67.52 82.64 58.95 95.91 
200.00 99.18 77.34 86.12 67.52 97.54 
229.08 99.65 88.58 89.34 77.34 98.61 
262.38 100.00 101.46 92.09 88.58 99.27 
  116.21 94.25 101.46 99.65 
  133.10 95.96 116.21 99.87 
  152.45 97.30 133.10 100.00 
  174.62 98.33   
  200.00 99.09   
  229.08 99.63   
  262.38 100.00   
 
Appendices_________________________________________________________________________                                                                                                                                            
290 
 
Appendix C (Chapter 4) 
EDS locations and spectra of M-S-H binder systems 
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Appendix D (Chapter 5) 
Alkali ion concentrations of M-SF mixtures 
 
 
Figure D.1. Na concentration (mg/L) in M-SF systems 
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Figure D.3. Ca concentration (mg/L) in M-SF systems 
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Appendix E (Chapter 7) 





















% 28-day compressive 
strength 





   7 28 90 365 7 28 90 365 
Curing effects to strength development (s/B=1.0, 7-28-90-365 days) 
Moisture SF40-A 0.6 0.4 0-2.36 1.0 0.4 3% ~140-150 34.0 49.1 52.5 61.3 69 100 107 125 
Moisture SF40-W7D 0.6 0.4 0-2.36 1.0 0.4 3% ~140-150 27.5 52.0 53.5 59.1 53 100 103 114 
Moisture SF40-W28D 0.6 0.4 0-2.36 1.0 0.4 3% ~140-150 27.5 45.1 70.8 71.8 61 100 157 159 
Moisture SF40-W90D 0.6 0.4 0-2.36 1.0 0.4 3% ~140-150 27.5 45.1 62.8 64.8 61 100 139 144 
Moisture SF40-W365D 0.6 0.4 0-2.36 1.0 0.4 3% ~140-150 27.5 45.1 62.8 45.5 61 100 139 101 
Oven-dried curing SF40-OV50-1D 0.6 0.4 0-2.36 1.0 0.4 3% ~140-150 34.9 50.0 67.7 54.2 70 100 136 109 
Oven-dried curing SF40-OV50-3D 0.6 0.4 0-2.36 1.0 0.4 3% ~140-150 35.3 43.6 62.9 47.8 81 100 144 110 
Oven-dried curing SF40-OV100-1D 0.6 0.4 0-2.36 1.0 0.4 3% ~140-150 39.9 49.5 59.8 46.7 80 100 121 94 
Oven-dried curing SF40-OV100-3D 0.6 0.4 0-2.36 1.0 0.4 3% ~140-150 38.5 46.6 54.6 50.3 83 100 117 108 
Hot water curing SF40-W60-1D 0.6 0.4 0-2.36 1.0 0.4 3% ~140-150 37.5 45.2 57.5 48.0 83 100 127 106 
Hot water curing SF40-W60-3D 0.6 0.4 0-2.36 1.0 0.4 3% ~140-150 50.4 52.6 55.8 44.2 96 100 106 84 
PC control mix                                 
PC PC-A     0-2.36 1.0 0.4 - ~140-150 46.2 47.2 50.3 50.4 98 100 107 107 
PC PC-W365D     0-2.36 1.0 0.4 - ~140-150 54.9 75.1 85.7 89.5 73 100 114 119 
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  w/ (MgO+SiO2) 
  
SP 
Compressive strength (MPa) 
(Label) (liquid 
%/g) 













Effect of silica sources to strength development of MSH binder systems 
M-SF mixtures SF60 0.4 0.6 0-2.36 1 0.4 3% 21.3 28.3 52.3 47.3 
M-SF mixtures SF50 0.5 0.5 0-2.36 1 0.4 3% 24.9 38.7 54.0 46.9 
M-SF mixtures SF40 0.6 0.4 0-2.36 1 0.4 3% 27.5 45.1 62.8 45.5 
                        
M-MS mixtures MS60 0.4 0.6 MS 0-2.36 1 0.4 3% 16.6 21.6 36.3 38.9 
M-MS mixtures MS50 0.5 0.5 MS 0-2.36 1 0.4 3% 13.9 20.8 32.9 39.3 
M-MS mixtures MS40 0.6 0.4 MS 0-2.36 1 0.4 3% 8.0 13.3 26.6 32.6 
                        
M-FA mixtures FA60 0.4 0.6FA 0-2.36 1 0.4 1% 0.6 2.1 3.0 4.5 
M-FA mixtures FA50 0.5 0.5FA 0-2.36 1 0.4 1% 1.6 2.4 3.1 6.5 
M-FA mixtures FA40 0.6 0.4FA 0-2.36 1 0.4 3% 3.1 3.9 4.0 7.0 
                        
M-MS mixtures MS60 0.4 0.6 MS 0-2.36 1 0.5 2% 5.7 8.1 18.8 22.4 
M-MS mixtures MS50 0.5 0.5 MS 0-2.36 1 0.5 2% 5.7 9.6 19.3 24.4 
M-MS mixtures MS40 0.6 0.4 MS 0-2.36 1 0.5 2% 5.2 7.3 17.2 21.1 
                        
M-RHA mixtures R60 0.4 0.6R 0-2.36 1 0.5 5% 2.7 10.0 17.4 18.9 
M-RHA mixtures R50 0.5 0.5R 0-2.36 1 0.5 4% 7.1 15.0 19.7 21.4 
M-RHA mixtures R40 0.6 0.4R 0-2.36 1 0.5 3% 8.2 15.3 17.7 21.2 
                        
100% MgO MgO-W365D 100   0-2.36 1 0.6 3% 0.8 0.8 1.9 2.9 
100% MgO MgO-A 100   0-2.36 1 0.6 3% 2.4 3.3 6.6 7.0 
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Appendix F (Chapter 8) 








SF40 23.2 40.5 42.2 
Q10 24.5 43.5 55.9 




Table F.2. Split tensile strengths of concrete samples 
 
Mix labels 
7-day split tensile 
strength (MPa) 
28-day split tensile 
strength (MPa) 
90-day split tensile 
strength (MPa) 
SF40 1.6 1.9 1.9 
Q10 2.8 3.2 3.5 
PC 4.8 6.1 6.3 
 
 








PC-Sample 1 PC-Sample 2 PC-Sample 3 Load  
(MPa) 
Strain 
(average) Reading 1 Reading 2 Reading 1 Reading 2 Reading 1 Reading 2 
0 0.002 0.006 0.002 0.003 0.000 0.000 0.0 0.0000 
20 0.019 0.019 0.023 0.023 0.016 0.016 2.5 0.0001 
40 0.039 0.039 0.045 0.044 0.034 0.034 5.1 0.0001 
60 0.058 0.060 0.066 0.066 0.055 0.053 7.6 0.0002 
80 0.079 0.079 0.089 0.087 0.073 0.071 10.2 0.0003 
100 0.100 0.106 0.110 0.108 0.092 0.091 12.7 0.0004 
120 0.121 0.120 0.131 0.128 0.112 0.110 15.3 0.0005 
140 0.142 0.141 0.155 0.150 0.134 0.130 17.8 0.0005 
160 0.163 0.162 0.178 0.174 0.155 0.150 20.4 0.0006 
 












(average) Reading 1 Reading 2 Reading 1 Reading 2 Reading 1 Reading 2 
0 0.002 0.002 0.002 0.000 0.000 0.000 0.0 0.000004 
10 0.113 0.105 0.078 0.095 0.070 0.082 1.3 0.000340 
20 0.175 0.168 0.133 0.154 0.121 0.131 2.5 0.000553 
30 0.215 0.209 0.179 0.194 0.163 0.170 3.8 0.000708 
40 0.247 0.243 0.220 0.225 0.199 0.199 5.1 0.000835 
50 0.273 0.270 0.255 0.251 0.230 0.223 6.4 0.000941 
60 0.298 0.294 0.285 0.278 0.259 0.249 7.6 0.001042 
70 0.322 0.319 0.312 0.301 0.286 0.270 8.9 0.001134 
80 0.347 0.345 0.340 0.325 0.314 0.292 10.2 0.001229 
 
 












(average) Reading 1 Reading 2 Reading 1 Reading 2 Reading 1 Reading 2 
0 0 0 0 0 0 0 0.0 0.0000 
10 0.011 0.014 0.019 0.027 0.017 0.017 1.3 0.0001 
20 0.024 0.028 0.040 0.039 0.034 0.034 2.5 0.0001 
30 0.038 0.042 0.058 0.060 0.050 0.050 3.8 0.0002 
40 0.051 0.058 0.074 0.078 0.066 0.066 5.1 0.0002 
50 0.066 0.074 0.092 0.097 0.084 0.084 6.4 0.0003 
60 0.080 0.089 0.110 0.116 0.101 0.101 7.6 0.0004 
70 0.090 0.100 0.123 0.130 0.113 0.113 8.9 0.0004 
80 0.107 0.118 0.143 0.151 0.133 0.133 10.2 0.0005 
 
 












(average) Reading 1 Reading 2 Reading 1 Reading 2 Reading 1 Reading 2 
0 0.000 0.000 0.000 0.000 0.000 0.000 0.0 0.0000 
30 0.023 0.024 0.029 0.026 0.024 0.023 3.8 0.0001 
60 0.049 0.050 0.058 0.055 0.049 0.048 7.6 0.0002 
90 0.074 0.076 0.084 0.082 0.074 0.074 11.5 0.0003 
120 0.102 0.102 0.110 0.112 0.102 0.100 15.3 0.0004 
150 0.129 0.128 0.138 0.137 0.129 0.128 19.1 0.0005 
180 0.154 0.154 0.167 0.167 0.157 0.154 22.9 0.0006 
















(average) Reading 1 Reading 2 Reading 1 Reading 2 Reading 1 Reading 2 
0 0.002 0.000 0.000 0.000 0.000 0.000 0.0 0.0000 
20 0.128 0.144 0.107 0.125 0.100 0.116 2.5 0.0005 
40 0.213 0.228 0.191 0.205 0.176 0.188 5.1 0.0008 
60 0.277 0.283 0.252 0.260 0.231 0.239 7.6 0.0010 
80 0.323 0.328 0.299 0.304 0.277 0.280 10.2 0.0011 
100 0.369 0.365 0.343 0.341 0.319 0.314 12.7 0.0013 
















(average) Reading 1 Reading 2 Reading 1 Reading 2 Reading 1 Reading 2 
0 0 -  0 0 0 0 0.0 0.0000 
20 0.024  - 0.034  - 0.028 -  2.5 0.0001 
40 0.047  - 0.066  - 0.048  - 5.1 0.0002 
60 0.073  - 0.099 -  0.076  - 7.6 0.0003 
80 0.097  - 0.128  - 0.098  - 10.2 0.0004 
100 0.121  - 0.157 -  0.125  - 12.7 0.0005 
120 0.146  - 0.184  - 0.153  - 15.3 0.0006 
















(average) Reading 1 Reading 2 Reading 1 Reading 2 Reading 1 Reading 2 
0 0 0 0 0 0 0 0.0 0.0000 
30 0.023 0.024 0.024 0.023 0.021 0.016 3.8 0.0001 
60 0.049 0.050 0.050 0.047 0.040 0.036 7.6 0.0002 
90 0.070 0.074 0.073 0.073 0.058 0.053 11.5 0.0003 
120 0.094 0.099 0.097 0.099 0.074 0.071 15.3 0.0003 
150 0.120 0.125 0.123 0.123 0.089 0.089 19.1 0.0004 
180 0.146 0.151 0.147 0.150 0.105 0.110 22.9 0.0005 
200 0.162 0.167 0.165 0.168 0.116 0.123 25.5 0.0006 
230 0.189 0.192 0.193 0.194 0.136 0.144 29.3 0.0007 
260 0.216 0.217 0.223 0.222 0.157 0.169 33.1 0.0008 
 








SF-Sample 1  SF-Sample 2  SF-Sample 3  Load 
(MPa) 
Strain 
(average) Reading 1 Reading 2 Reading 1 Reading 2 Reading 1 Reading 2 
0 0 0 0 0 0 0 0.0 0.000000 
20 0.084 0.095 0.136 0.155 0.121 0.126 2.5 0.000449 
40 0.155 0.168 0.202 0.228 0.189 0.189 5.1 0.000709 
60 0.197 0.213 0.251 0.280 0.241 0.238 7.6 0.000890 
80 0.223 0.241 0.294 0.320 0.285 0.284 10.2 0.001032 
100 0.243 0.260 0.336 0.357 0.327 0.310 12.7 0.001148 
120 0.254 0.272 0.375 0.395 0.367 0.346 15.3 0.001259 












Q10-03.04.17 Q10-14.04.17 Q10-15.04.17 Load 
(MPa) 
Strain 
(average) Reading 1 Reading 2 Reading 1 Reading 2 Reading 1 Reading 2 
0 0 0 0 0 0 0 0.0 0.00000000 
10 0.011 0.011 0.011 0.011 0.013 0.015 1.3 0.00004511 
30 0.037 0.036 0.036 0.037 0.042 0.044 3.8 0.00014536 
60 0.074 0.072 0.074 0.076 0.081 0.082 7.6 0.00028759 
90 0.112 0.108 0.113 0.113 0.116 0.118 11.5 0.00042607 
120 0.149 0.142 0.150 0.150 0.150 0.152 15.3 0.00055952 
150 0.187 0.177 0.188 0.188 0.185 0.186 19.1 0.00069627 
175 0.218 0.207 0.220 0.220 0.215 0.214 22.3 0.00081023 
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Table F.12. Porosity (% voids) of concrete samples 
 
Mix labels 7-day (% voids) 28-day (% voids) 90-day (% voids) 
PC 9.6 9.4 7.1 
SF40 12.5 12.8 12.5 
Q10 11.0 11.2 10.9 
 
Table F.13. Coefficient of permeability (10-10 m/s) of concrete samples 
 
Mix labels 
7-day coefficient of 
permeability 




PC 0.56 0.50 0.44 
SF40 0.58 3.71 24.71 
Q10 0.58 1.82 10.55 
 
Table F.14. Resistivity indexes of concrete samples 
Mix labels 7-day 28-day 90-day 
PC  8.3 11.7 12.8 
SF40 6.8 10.3 8.8 
Q10 11.3 16.1 10.6 
 
 
 
